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Abstract 

In these uncertain times having a clean, secure and definable energy supply will be a 

key ingredient necessary to provide a platform to underpin and stabilise our financial 

and economic systems while removing one of the greatest causes of political conflict. 

The solar energy resource is widespread and can provide more than a thousand fold 

for our energy needs for the foreseeable future. To effectively harness this energy a 

number of challenges must be met to overcome shortcomings and inertia including 

aspects of a technical, social and political nature. 

The researcher has focused this work on solving the key issue of the relatively high 

cost of solar power compared to that which society has come to accept for our 

present fossil fuel based energy. 

Although it could be possible to use political means to lead the process there appears 

to be insufficient will and cooperation at a global level to effect this by politics alone. 

Put simply we could have the major countries ramp up their selling price of energy 

forms (which are limited or polluting) to a level where clean renewable energy can 

compete. (Probably about three times the present price). The additional revenue 

would be used to develop clean renewable energy and appliances for the demand side 

users who will naturally become more efficient (Also creating a new efficiency 

industry). 

The resulting situation would see customers paying 3 times as much for energy but 

with 3 times the efficiency; their cost/comfort quotient would remain the same. With 

this achieved, new industries would become established around renewable and the 

demand on our earthly resources relieved so that they can be used to address other 

challenges such as provision of food for an exponentially growing population and 

perseveration of our worlds ecology. 

These issues and options have been discussed for the last 30 years (Lasich, 1976). To 

date only a few percent of our power is generated from clean renewable energy 
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sources. This is a clear sign our politicians, businessmen and the community need 

more options to expeditiously tackle our energy challenges if we are to avoid a 

cns1s. 

The researcher has attempted to move us one step closer to a solution by providing a 

scientific solution which could significantly reduce the cost of solar power and 

therefore harness the power of enterprise by making it economically viable to make a 

profit from selling clean renewable power systems. The rest will follow. 

This work has shown that there is a new pathway to lower the cost of solar power 

using a high concentration PV system with a separate collector and 'dense array' 

receiver which has been shown to work reliably, achieve high efficiency and have 

the potential for low cost. During this research a number of challenges had to be met 

including: 

Developing and cooling a photovoltaic receiver which could work efficiently 

and reliably in a concentrated light beam which can melt steel 

Developing the first 'back contact' multijunction CPV cell 

Developing and correlating a realistic ray tracing/receiver model 

Developing an optical system which can deliver an evenly distributed light 

beam to the PV cells at 500 suns intensity 

Tracking and managing the system to maintain high performance over long 

periods of varied weather conditions and loads 

Monitoring and measuring the performance and reliability of these 

subsystems requiring new techniques and metrics to be developed 

All of the above problems were solved resulting in a new 'reflective-dense array' 

technology with a peak DC STC efficiency of more than 28% at 36kW. The 

researcher believes this system may have the highest long term performance 

published for any solar power system at 22% average annual AC efficiency (Lasich, 

2009) and the system: 
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Has operated for 6 years with quantified output (using multijunction cells for 

the last 3 years) producing over 4 GWh in total with 1.5 GWh from 

multijunction cells. 

Has potential for low capital cost $4/W AC at 50MW /year and less than $2/W 

at 500MW /year with an unsubsidised LCOE at $100/MWh. This is 

competitive with coal fired power stations which account for their pollution. 

Has a maximum scope for continued improvement in performance since the 

efficiency of a small area of cells can continue to increase at the present rate 

of 1 % absolute per year with little influence on the system cost. 

Has scope for two different formats of CPV as a dish or central receiver and 

has diverse application for cogeneration or other high value applications such 

as hydrogen production for storage or fuel. The peak efficiency for 

cogeneration is estimated to be 60%. 

During the journey of this research, a number of other discoveries were made in 

relation to this unique CPV system with reflective collector optics and a separate 

receiver/energy converter, including: 

Containment of all the complex components of CVP modules, monitoring 

and secondary optics in a small demountable receiver 

Has a very low manufacturing cost at less than one tenth of the plant cost for 

a 'one sun' PV module plant for a given production rate. 

Can be fully monitored and managed 'on line' at low cost resulting m 

reduced O&M and high average efficiency 

Can be simply upgraded by changing the receiver in less than one hour. 

Reflective optics with a single receiver, are more efficient than refractive 

optics with many targets because; 1. Mirrors have a reflectivity of 95% 

whereas lenses have transmission up to 90%, 2. alignment is less critical for 

many mirrors aimed at a single target and 3. feedback can be used to almost 

perfectly align a single solar beam with the needs of a single array of CPV 

cells. 
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CPV systems have the lowest embodied energy of any solar power system 

(approx 1 year) being comparable to wind turbines but with a far greater 

resource available. 

With the power output of the CPV modules being more than 1000 times 

greater than the typical thin film module (of the same area), CPV is unlikely 

to be constrained by limited supplies of exotic materials. 

The modular dense array receiver can be deployed at any scale from a single 

module 500W receiver in a small dish to a 256 modules in a 140kW receiver 

for a central receiver. With 40% efficient cells a 1 MW dense array is just 6 

m2. This allows a great degree of pre-fabrication and pre-commissioning for 

large scale roll out. 

Reflective concentrator systems with a high power single beam as developed 

by the researcher for CPV are versatile and can be used for other applications 

which do not include PV. This gives greater value to the concentrator system 

technology. 

The 140 kW central receiver 'HCPV' system produced a peak DC efficiency 

of 25% (equivalent to 22 % AC) which is possibly the highest efficiency 

recorded for a central receiver system. 

The sum of these findings is that a CPV system with reflective optics and a separate 

dense array PV receiver is the most efficient of any solar power technology and has a 

clear pathway to a competitive cost. With its unique potential for continuous 

improvement and diverse application this is likely to be one of those technologies 

which can take our world one step closer to the 'balance' we need for sustained 

occupation of this planet. 
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Chapter 1 

CHAPTER 1. INTRODUCTION 

1.1 The Energy Context in the World and in Australia 

Today, energy is one of the most important resources on earth. With a suitable supply of 

energy it is possible to produce most of the other resources we require for survival, for 

example fresh water which in tum can be used to produce food. Globally, we consumed 

over ten trillion (1013
) kWh of fossil derived energy in 2007 (IEA, 2009) and spent 

several trillion dollars per year to buy it. Presently, energy is mostly used to make our 

lives easier, to harvest food, to run cars, to power TVs and other appliances and to power 

the industries that make these cars and appliances. 

For those pleasures, we discharge over thirty billion (3 x 1010
) tonnes (IEA, 2009) of 

greenhouse gases into our atmosphere each year, resulting in a concomitant temperature 

rise of 0.8°C over the last one hundred years, and seemingly in climatic disturbances with 

increased frequency and range, from droughts to cyclones, which result in famine and 

devastation. 

Such is our addiction to energy that wars have been (and are being) fought to seize or 

maintain secure supplies. 

All this trouble and our fossil energy is relatively affordable for present industrialised 

users, but as supply is running out, the total cost of fossil energy will keep increasing 

(particularly if it is true as many believe that we are already half way through the oil 

reserves)! (Strahan, 2007) 

Clearly the sourcing, ownership and utilisation of energy have a significant impact on our 

living. 

At present consumption rates, it is predicted that the reserves of oil and gas will last 

between 40 to 60 years (BP Global, 2009) and coal will last for 120 years. In fact, our 

consumption rates are increasing at an exponential rate and our resources will be 

consumed in shorter time spans. The remaining resource will become progressively more 

expensive since the 'easy' accessible product is 'tapped' first. 
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Chapter 1 

War, famine, disaster and hedonism are all linked to our present energy consumption. 

Most people in the world are 'touched' by energy every day (mostly positively). Soon it 

will be linked to survival! For many, energy could change from being a commodity to a 

luxury, or for others from being a luxury to a necessity. Our exponentially increasing 

population will make this problem more acute. 

An example of other impacts of own energy practices is exemplified by our coal fired 

power stations in Victoria is reported in The Age, 2009. Our power stations consume 

approximately one third of Melbourne's water (125 billion liters of water per year). 

We have been aware of these issues for over 30 years (Lasich, J 1976). Clearly there is 

need for a change. 

Increasing proportions of our energy use will be allocated to survival processes such as 

desalination to produce potable water, water table reduction to 'desalt' degraded land and 

production of fertiliser to make (presently mild climate) deserts available for food 

production. 

If we were looking for an 'energy' solution to these problems of higher prices, increasing 

pollution, global devastation, wars and political domination driven by increasingly scarce 

resources, the answer may lie with solar energy. 

The earth receives 7 x 1017 kWh of sunlight per year (Avallone and Baumeister, 1987) 

(the average diameter of Earth is 7,918.78 miles or 12,670 km. The apparent disk area of 

the Earth is 126,079,077 km2
. The extra-terrestrial solar radiation is 1.367 kW/m2 some of 

which is reflected or transformed to heat. For 24 hours and 365 days, this becomes: 1.5 x 

1018 kWh of sunlight per year. If the sun's rays are attenuated to 1 kWm2
, the amount of 

energy is 1.1x1018 kWh). This is an upper limit because atmospheric absorption at the 

edge of the disk is more important than at the centre of the Earth disk of radiant energy 

from the sun, and this is 7 ,000 times more energy than we presently consume. Solar 

radiation is also widely available in useful quantities for power generation for most of the 

world's population. 
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Chapter 1 

A solar energy system based on PV cells placed in a sunny climate, having an efficiency 

of 25% and a packing factor of 50% would require a total area of just 520km x 520km to 

supply the world's energy needs (see Figure 1-1). This represents a total area of less than 

1 % of the world's arid lands. It is thus evident that, in principle, solar power is capable of 

supplying all our energy needs and reducing pollution problems during humankind' s 

likely habitation of the planet. 

Figure 1-1: The area shaded in yellow indicates the area required to provide the world's total energy needs 

using current solar technology being developed by the researcher with an average efficiency of 25% and 

with a packing factor of 50%. 

Considering there are many high population zones with main power grids within 500km 

from sunny deserts, it is likely that if the technical requirements of efficiency, reliability 

and compatibility can be met then solar power has the potential to make a real 

contribution to the world's energy. The main barriers are cost and our natural resistance to 

change. 

We have inherited energy practices from processes which were available and most 

profitable at the time they were being developed approximately 100 years ago for oil, 

cars, steam engines and electricity. At that time no-one was in a position to measure the 

amount of oil available and 'smoke' was good being an indication of enterprise and 

progress! 

Now it is time to develop energy harvesting and generation and consumption processes 

which are appropriate for our present and future needs considering sustainability and 

pollution levels. The significant advances in technology that have occurred over the last 

100 years can be used to assist in this quest. 
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Presently, there is no single organisation or body that has the responsibility or power to 

bring about the necessary change. There are however, a number of initiatives, which 

support the development of clean renewable energy such as the Kyoto Protocol. 

Australia's response has been to pass legislation, which will require that by 2010 of all 

energy used in Australia, 2% must be produced from renewable sources. This amounts 

to approximately 4 GW of new renewable energy (Electricity Supply Association of 

Australia Limited) delivering 9,500 GWh in Australia by 2010. This target has been 

increased to 20 % which translates to 45,000 GWh by 2020. The Asia-Pacific partnership 

on clean development or AP6 treaty is also being established between Australia, USA, 

India, China, South Korea and Canada for the purpose of fostering technology which 

enables greenhouse gas abatement. 

A critical mass of three components - social conscience or the Zeitgeist raising an 

awareness of resource limitations and pollution issues, increases in costs of traditional 

energy and improvements in technological performance of new methods is necessary to 

tip the scales in favour of clean renewable energy. That is to say, reach a point when 

more than half of the new energy infrastructure that is built is clean and renewable. A 

positive shift in any of these three components will require a lesser shift in the other two. 

Social awareness is strongly influenced by fashion, which is driven by the media and the 

views of leaders in society. 

Presently 'green' is coming into vogue and thus renewable energy receives some 

considerable coverage in the media which helps to raise the profile of the world's 

ecology. For example, the film "An Inconvenient Truth" won an Oscar in 2007 for Best 

Documentary and Al Gore has received the 2007 Nobel Peace for his efforts to raise 

awareness of global pollution. 

The cost of traditional fuel is substantially a matter of supply and demand. The rapid 

increase of oil price during 2006 and 2007 is an example of the classic economics law of 

supply and demand combined with speculation. The high demand for energy in China, 

added to the already high demand in established industrial and developed countries, has 

recently exceeded the worldwide oil reserves discovery rate. 
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While these first two elements are beyond the influence of most individuals, and are 

influenced by global economics and political forces, the renewable technology component 

may be significantly influenced by an individual researcher. 

To achieve this goal of increased use of clean sustainable energy, it will be necessary to 

enlist the inspiration of invention and to excite the impetus of commerce to marshal the 

necessary resources to carry such new technology to the marketplace and into use. 

The challenge is thus to produce a solar energy conversion system which can be 

competitive in price and performance with present expectations. This will allow 

commercial enterprise to profitably bring new products to the people. 

If this can be achieved a substantial market is open to those who are successful and there 

will be a shift in our energy 'diet'. Once the trend has changed one can anticipate a 

virtuous cycle where profits from sales of clean renewable energy technology will 

stimulate more research and development - resulting in cheaper and more reliable 

products. This will lead to broader markets, higher sales and more profit - and so on! In 

these circumstances a contribution may be made towards reducing our energy shortage 

and pollution problems. 

To trigger these events the researcher must demonstrate that clean renewable energy can 

be competitive with existing fossil fuels, or at least with 'clean' fossil fuel. The 

researcher proposes that this can be achieved through the use of concentrated solar energy 

and photovoltaic cells. The intent of this work is to detail a pathway to capability and 

ultimately profitability, including the design and demonstration of technology for large 

scale grid connected power stations. The proposal is to combine high technology 

photovoltaic cells with low-cost commonly available materials such as glass, steel and 

concrete to create high performance, low cost solar power systems. 

A large-area solar collector is made of low-cost mirrors which beam concentrated 

sunlight to a small-area, high-efficiency multi-junction photovoltaic module or receiver, 

which can produce a high power output. 

This type of system has the potential to be cheaply manufactured and deployed since most 

of the plant consists of standard industrial building components and uses processes which 

are highly developed for large scale infrastructure. 
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For this project, a target has been set to achieve system efficiency greater than any 

commercially available solar power system whether it be flat plate PV or thermal, i.e. 

greater than any existing solar-to-AC-electricity conversion technology. Furthermore, it 

will have the potential to have a similar or lower cost per square meter. This would result 

in a lower cost per kWh produced and be a significant step towards the initiation of a 

renewable energy avalanche. A sample from the review of available PV Module products 

is included in Appendix 5 with the Sun Power 315 module having the highest efficiency 

at 19% at 25°C, 1000 W/m2 and spectrum AM 1.5g. This indicates an average annual 

system efficiency of approximately 15% allowing for balance of system and operation 

losses. Although short term efficiency data for Stirling systems has been reported 

(Mancini, 1968), the candidate could not find any long term data to use as a bench mark. 

To advance the exploitation of the solar energy resource for wide application, it is 

necessary to reduce the cost of utilisation to a point where the technology is competitive 

with traditional forms. This will occur in certain markets first. Typically, this will be in 

remote area power applications and in sunny locations where high-cost diesel energy is 

used to generate electricity. An analysis by the researcher of the cost of generating 

electricity using diesel indicates the cost per kWh of electricity ranges from $0.25 to 

$1.00 depending on the cost of diesel, location and the size and age of plant. It is 

estimated that this market in Australia is 450 MW (Blakers A, 1991). 

In the capture and utilisation of solar energy, there are five main steps: 

1. Collection (interception); 

2. Conversion (to a useful form, in practice to electricity); 

3. Storage; 

4. Transmission; and 

5. Consumption. 

In the case of an array of traditional photovoltaic (PV) panels, the "collection" of solar 

energy is achieved by placing solid-state solar cells in the natural pathway of sunshine. 

The conversion is effected by the photovoltaic effect at the p-n junction(s) within the 

solar cell where an electrical current is generated. A useful voltage is developed by the 

6 
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series connection of many cells with the current (and thus power) generated being 

proportional to the area of the cell and intensity of sunlight impinging on that area. 

The 'transfer' of the electrical power is by standard DC wiring and switchgear to a 

number of different loads, typically 

1. Battery storage 

2. Direct consumption as DC power 

3. Inversion to AC power for 

a) Direct stand-alone use by AC appliances 

b) Connection to the power grid for distribution throughout the consumer 

system 

The research reported in this thesis is concerned with increasing efficiency and reducing 

cost of the first two steps, collection and conversion. 

While storage of electricity at large scale does not have a simple solution, the issue may 

be avoided initially by targeting applications that are grid connected and can consume all 

available power generated in daylight hours. This will allow time for the development of 

appropriate storage technologies, such as fly wheels, bulk electrolyte batteries developed 

by companies such as ZBB and other methods using hydrogen (Lasich, 1992) for short, 

medium and long term storage respectively. Opportunities also exist to cooperate with 

existing or modified hydro power which is already connected to national grids. In 

Australia, there is approximately 10 GW peak of hydro capacity of which about 2.24 GW 

(Tumut Three 1.5 GW, Wivenhoe 0.5 GW, Kangaroo Valley 0.16 GW and Bendeela 0.08 

GW) is already configured as 'pumped hydro' and is capable of acting as a large storage 

of electrical energy. The total energy storage capacity provided in Australia by 'pumped 

hydro' is currently 73 GWh (Kangaroo Valley 47 GWh, Tumut Three 20.3 GWh, 

Wivenhoe 5 GWh and Bendeela 0.65 GWh). Ironically some of this capacity has been 

used to perform the conversion of 'black' into 'green' by using off-peak power from coal 

stations at AU$0.02/kWh to pump the water up and to sell the 'green' hydro power at a 

premium price. The round trip efficiency can be up to 70% for this process. The total 

grid-connected generating capacity in Australia is about 44.9 GW and has an annualized 

availability of 61.5% (ESA, 2007). The total production of electrical energy in Australia 

is 200,000 GWh pa. If we assume that the Clean Energy target of 20% by 2020 requires 
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50% storage and that the round-trip efficiency of the energy storage is 60%, we would 

need about 30GWh of energy storage. To provide this daily energy storage with pumped 

hydro, we can assume in first approximation that the water would be pumped for 8 hours 

and that the electricity generation would occur during the next 16 hours, with an 

efficiency of 85% for each process. Therefore, the water pumping and electricity 

generation capacity of this 'pumped hydro ' scheme would be 3.8GW and 1.9GW 

respectively. In other words, the pumped hydro storage and generation capacity already 

exists in Australia and is at the level required to sustain a 20% portfolio target for 

renewable energy. The remaining challenge would be to effect practical implementation 

considering existing allocations. 

In the European Union (EU) and in the US, the situation is similar. There are 32 GW and 

19.5 GW of pumped hydro generating capacity, accounting for 5.5% and 2.5% of the total 

electricity generation, respectively in the EU and the US. 

Another important consideration is that Australia's existing hydro generation scheme 

acting as a source of energy is becoming severely limited because the water reserves are 

currently at less than 10% of their long term levels. With climate changes due to global 

warming, this situation may not improve. Therefore, hydropower may be forced to take 

on a new role as 'storage' instead of a 'source' . 

If we consider the problem beyond that, for example to a penetration of up to 50% by 

2050 (the IPCC target), it is quite probable that the industry will be of sufficient size to 

deal with the problem. For example, if we achieve a 20% penetration with pumped hydro 

storage at $5 per Watt for the renewable energy source and assuming a capacity factor of 

27%, a typical average for wind and solar energy, there will be approximately 17 GW of 

renewable energy installed capacity at a value of $85 billion. It is reasonable to expect 

that an industry of this scale would be able to make progress with the storage issue. 

It is also to be noted that a significant part of the load (residential or industrial) that is 

currently ON at night to benefit from lower electricity prices, could be switched to mid

day operation to be in phase with solar electricity generation. This would not increase the 

overloading of the network providing that the solar electricity generation is well 

distributed. 
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The estimated development cost of a process patented by the researcher for high

efficiency production of storable hydrogen (McConnell RI, 2005; Lasich, 1993, Patent 

No. 5658448; Lasich, 1993, Patent No. 731495) is $75 million to reach 

commercialisation. 

In Australia, there is over 1 GW of remote diesel-powered grids where solar power 

without storage could be applied (NTPA WA, 2002). Where the solar energy converter 

produces electricity, the issues of transfer and consumption are relatively simple from a 

technical perspective because high-power inverters are available to provide compatible 

connection to standard three-phase high-voltage transmission lines. Standard electrical 

appliances and machinery can then consume the solar energy in the usual manner. 

In relation to grid connection of renewable power, the Chairman of the Energy Supply 

Association of Australia (ESAA) has stated that the Australian grid can cope with up to 

10% 'non-dispatchable' renewable energy. This is equal to approximately 5GW of 

renewable power without storage. The Director of Operations at Southern California 

Edison also stated that their grid could accommodate up to 15% (of their 30GW grid) of 

renewable power without storage. 

1.2 The Intellectual Framework of this Research 

The underlying philosophy for achieving the objectives outlined above is based on the 

following argument: 

For clean solar power to become a significant energy source, the cost of solar power must 

be reduced. The present cost is too high for the following two reasons: 

1. The solar radiation is a very dilute energy source and a large area of solar flux 

must be intercepted to capture useful amounts of energy. 

This "large area" requirement is the major contributor to the cost of all solar energy 

systems. About 92% of the current market for photovoltaic modules is supplied by 

crystalline silicon PV modules (mono-crystalline and poly-crystalline silicon). In these 

modules, about 50% of the manufacturing cost is due to the semiconductor material (the 

silicon wafer). The other 50% is due to the solar cell manufacturing process, glass, 

encapsulation, junction box, wires, connectors, etc. 
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2. The average annual system conversion efficiency is low, typically about 10% at 

system level compared to 25% for brown coal and 35% for black coal. 

Presently available photovoltaic panels, for example, are deployed such that the area of 

the energy conversion device is essentially equal to the collection area. The sophisticated 

and intense processing required to produce solar cells makes these conversion devices 

expensive, and with the entire collector panel being populated with cells the whole panel 

or 'module' is expensive, typically costing about $500/m2 and producing power at about 

AU$0.50 per kWh. While thin film modules are cheaper per square meter the efficiency is 

considerably lower. 

Furthermore, a substantial part of the energy, which has been collected at great expense, 

is wasted, e.g. flat plate photovoltaic systems (arrays of solar panels) with efficiencies of 

typically 12% waste 88% of the intercepted solar energy. 

When viewed from this perspective, it is clear that, while a high cost is paid to intercept 

the solar radiation, we do not capitalise on this energy that has been intercepted. The 

energy conversion step is grossly inefficient, particularly in the production of electricity -

the highest value energy form. 

Efforts to reduce cost by increasing conversion efficiency of flat plate solar panels have 

not shown any marked advantage over lower efficiency panels. This is substantially 

because the cells cover a large area (nominally equal to interception area) and the increase 

in efficiency is outweighed by the increase in cost as detailed in the literature review. 

A solution to this problem lies in the separation of the 'collection' from the 'conversion' 

and then reducing the size of the converter. The use of solar energy concentration where 

the energy converter is small in relation to the collector area allows for high efficiency at 

low incremental cost to the system. For example, the energy converter for a parabolic dish 

solar concentrator operating at 500 suns may have an area that is only 0.2% of the size of 

the collector and still deliver excellent performance. An efficiency of about double that of 

typical PV panel systems can be achieved (Lasich, J 1994). 

This scenario allows for a relatively large expenditure per unit area of the energy 

conversion device to produce a high efficiency converter, which has the effect of 

increasing the entire system efficiency, but at small marginal increase in system cost. 
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The remainder of the system is concerned only with energy collection and has a cost an 

order of magnitude less per square meter than active devices, such as solar cells. 

While conceptually this approach is straightforward, many practical issues, such as 

providing a uniform radiation intensity onto the receiver cells and the extraction of heat 

from solar cells that are illuminated with a high flux solar beam, must be dealt with. This 

thesis presents some of the researcher's work that has been carried out to address, and 

indeed solve these problems leading to the production of a novel and fully operational 

dish concentrator-photovoltaic (CPV) system. 

The essential requirements for a technology which could meet the above objectives and 

be the basis of a sustainable long term industry would have the following characteristics: 

• High efficiency (target greater than 20% annual system efficiency); 

• Be easy to deploy and manufacture anywhere in the world - using standard practices 

and commonly available materials such as building, car parts, glass, steel and 

concrete. These materials are used in industries such as the construction and 

automobile industries. 

• Accessible to most people - on existing grids in new infrastructure; and 

• Similar or longer lifetime to existing power sources (20 to 50 years). 

Additional features: 

• Able to be easily upgraded as technology advances; 

• Environmentally safe; 

• Capable of cogeneration (for example to produce heat as well as electricity); 

• Have low embodied energy (less than 1 year energy payback time); 

• Support a profitable business; and 

• Be adaptable to incorporate new technologies as they emerge. 
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CHAPTER2. EXPLORATION OF ALTERNATIVE DESIGNS 

2.1 Introduction 
There is a range of approaches and technologies for capturing and converting solar energy 

for the use of humankind. These range from the simplest 'passive' methods such as 'day 

lighting' which uses the orientation and architecture of a building to efficiently capture 

natural light and heat thereby reducing the need for as much other (external) energy to 

provide these requirements. This approach allows consumers of energy to make a 

contribution to reducing the pollution of our environment and the depletion of our fossil 

energy supplies without having to buy or be expert in solar technology. 

At the complex end of the scale a solar power station could produce electricity for light 

and heat. If a cogeneration stage were added it is also possible to produce heat as a by

product and enhance the overall system efficiency. 

This observation raises an important big picture aspect of the energy/pollution challenge 

that demand-side management can and will need to play a significant role in assisting 

(generally more expensive) clean and renewable technologies become mainstream. 

Consider if the average consumers could maintain their lifestyle while using half the 

amount of energy then the cost of that energy could be doubled and the balance of 

satisfaction is maintained for the customer. This would then mean that the challenge of 

reducing the cost of clean renewable energy resources is significantly reduced and thus 

much more achievable. 

Low energy houses designed by the researcher and others have been shown to easily be 

able to halve their demand for external energy. 

The 'technology tree' in Figure 2-1 shows the main branches of solar technology. This 

review will focus on technologies which are suitable for large scale solar power generation 

for connection to existing grids. Small scale 'rooftop PV' solar panel installations are not 

included because any grid connected customer solar power from a central station will be 

about half the cost of that from a small roof top installation. Presently the researcher has 

observed from the market place a typical cost of a roof top system is about $12/W att 

resulting in a Levelised Cost Of Energy (LCOE) of about $0.50/kWh whereas the typical 
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cost of a central power station is about $4/W to $6/W with an LCOE of $0.25. A separate 

study by the Arizona Public Service (APS) which has installed over 10 MW of solar power 

systems both as roof top and as central station has confirmed this (Kurtz, 2004). 

It should be noted that the researcher has quoted performances and costs for various 

technologies and systems as they have been available to illustrate certain points. These 

values can vary considerably depending on location, scale, specific commercial factors and 

the economic background against which a project might be framed. The global financial 

crisis has also had a (possible temporary) downward pressure on solar power system prices 

in the last year. 

The use of solar tracking is a method that can be used to enhance the performance of most 

solar technologies. While it does not increase the 'peak' output it increases the ability of 

the collector to capture more energy from the sun and thus increase the 'Capacity Factor'. 

The 'Active' nature of tracked systems also makes them more appropriate for central power 

stations where effective monitoring Operations and Maintenance (O&M) can be effected 

by expert mechanised operations servicing a large field of solar collectors. 

The technologies reviewed will include; 

• Flat plate one sun PV, fixed and tracked 

• Low concentration CPV (2 suns) 

• Medium concentration CPV (approx 25 suns) Troughs 

• Medium concentration solar thermal power (CSP) Troughs 

• High concentration Solar thermal (CSP) Central Receiver 

• Dish concentrator Stirling engines 

The Solar Energy Technology Tree (Fig. 2-1) shows the main solar energy conversion 

methods and how they relate. 

Many of the conversion methods suffer limitations - through either thermodynamic 

efficiency limitations, due to low concentration (troughs), materials limitations due to high 

temperature (Dish Stirling) or high cost due to the need for a large area of expensive 

materials (PV panels). 
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The objective is to evaluate what has been done, identifying the limitations of each 

technology and then synthesise a combination of sub-technologies to create a new solar 

power station concept which can have high efficiency and low cost. 
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Figure 2-1: Solar Energy Technology Tree. The efficiencies are approximate average annual efficiencies. 

To date, the most successful solar power technologies have been 'flat plate' photovoltaic 

panels (PV) and Concentrating Solar Thermal (CST) in the form of troughs. 

2.2 Flat Plate PV 
The familiar 'solar panel' has been very successful in niche markets for remote and small 

scale power. Although the cost is relatively high compared to the traditional carbon based 

grid power, high reliability and convenience have driven this market to the extent that sales 

have increased at an annually compounded rate of 35 % pa over the last 7 years to present 

annual global sales of over 6 GW with a total of more than 10 GW sold (Photon 

International, 2007). The main sub technologies of PV include single and polycrystalline, 

and thin films which include amorphous silicon, cadmium telluride (CdTe), and copper 

indium gallium diselenide (CIGS). Fig 2-2 shows a 100 kW flat plate installation. 
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Figure 2-2: A typical ' flat plate ' installation showing a fixed array of solar panels. The 'system' efficiency is 

typically 8% to 10%, sunlight to AC power, allowing for series mismatch, wiring loss and increase cell 

temperature. 

In all cases the gradual cost reductions have arisen principally from improved know-how of 

production methods. It can be seen from Figure 2-3 that there is a 'roll off' of solar cell 

record efficiencies as compiled by NREL. Although this is a $15 billion/year market the 

rate of efficiency improvement for champion cell used in the flat plate ' PV marked has 

diminished over the last ten to 20 years. The module efficiency has roughly tracked this 

trend at about 65% of the champion cell efficiency. (SunPower is a notable exception). 

This reflects the natural nexus between efficiency and cost for flat plate PV technologies 

where the cost of increasing the efficiency is balanced by the value of that improvement 

and thus the focus has generally been more on cost reduction per m2 of panel. This is 

exemplified by comparing two technologies from the high and low efficiency ends of the 

performance spectrum. At the present time, panels with single crystal cells which are 

naturally more efficient and have a higher cost per unit area can be compared to CdTe low 

efficiency, low unit area cost panels and we find they have a similar levelised cost of 

energy (LCOE). The 'SunPower 315' panel is 19.3% efficient (maximum at STC of 
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1000W/M2 and 25 deg C) and a 'First Solar' thin film panel has an efficiency of just 10.7% 

(maximum) at STC. With this cost down strategy the trend of the thin film per unit area 

panel cost will soon approach the cost of the complement materials which make up the 

panel, while the high efficiency SunPower panel will remain competitive at almost twice 

the cost per m2
. Thus there will be a lower cost/m2 limit which will be reached as set by 

the glass, encapsulant, connections and mounts. Once 'balance of module' costs dominate, 

only efficiency advances can then significantly improve the cost per Watt. One would thus 

expect to see increased effort to cause an upward trend in the record efficiency for CdTe 

and an improvement in the ratio between champion cells and the typical module efficiency 

which is presently at about 60% for CdTe. 
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Figure 2-3: World Record Cell Efficiencies from NREL. It is clear that all fl at plate technologies show a 'roll 

off' in efficiency over time whereas multijunction concentrator cells continue to increase. 

As solar power moves from niche to mainstream it will need to compete with clean fossil 

energy which will cost about $0.05/kWh for the base electricity plus about $0.05 for the 

carbon capture and storage (CCS) or payment of carbon tax (through renewable energy 

certificates REC's presently trading at about $0.04/kWh) resulting in a cost of 

approximately $0.10 per kWh of electricity. To make a comparison to this energy cost the 

metric known as levelized cost of energy (LCOE) was developed and is defined as the total 

cost of ownership of the power generating asset over this lifetime divided by the total 

amount of energy produced over its lifetime. The LCOE is based on complete SYSTEM 
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cost and performance. This includes the balance of system (BoS) to support the solar 

panels, collect and invert the power and the capitalised cost of operations and maintenance 

(O&M). 

It is important to note that the BoS is a significant portion of the capital cost and 

particularly for low efficiency systems where the total area of collector is large the BoS can 

be of the order of 50% of the system cost. This also points to the need for efficiency 

improvement to reduce the BoS cost which is substantially area related. A side by side 

comparison is shown in the LCOE table in section 6.6 on present cost versus future 

requirement needing more efficiency. 

The capacity weighted installed cost of PV systems completed in 2008 dollars without 

subsidies was US$7 .50/W att DC (Wiser 2009). Larger installations were also considerably 

lower cost being approximately 30% lower for MW scale vs. kW scale. 

2.3 Concentrating Solar Thermal (CST) 

Another approach to solar power generation specifically for large scale applications is 

concentrating solar thermal (CST) where concentrated solar energy is used to heat a 

working fluid such as steam to power a conventional heat engine such as a steam turbine

generator set. Approximately 600MW of this technology has been installed around the 

world. This approach is attractive because the risk from a banking/financing perspective is 

perceived to be low. With the power generation train being conventional technology 

developed and proven over a hundred years the relatively simple trough concentrator is just 

heating a fluid, in this way most of the 'unknowns' are removed and the risk can be 

quantified and managed. Figure 2-4 and 2-5 show some photos taken by the researcher at 

one of the 'SEGS' installations in the Mojave desert in California. This plant is 80MW 

(part of a total of 345MW) and consists of 2,200,000 m2 of glass mirror trough collectors 

focusing at 26 suns concentration on to a tube with selective solar absorber and evacuated 

glass envelope to minimise heat loss. The absorber temperature is approximately 390°C 

heating an industrial heat transfer oil which exchanges its energy with water to produce 

steam. The 'power block' is conventional with turbine, generator, step up transformer, 

cooling and air-water separation unit. 

While this technology has paved the way for solar concentrators it has a relatively low 

efficiency and has a thermodynamic 'hard stop' due to the relatively low temperatures 
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which can be achieved with trough concentrators at a maximum theoretical concentration 

of 100 X and a practical limit of about 30 X. The peak efficiency is approximately 22% 

with an average annual system efficiency of 14%-18% (Kreith & Goswami, 2007) resulting 

from concentrator optics of 76%, absorber 96%, turbine 37%, generator 97% and parasitic 

losses of 15% to pump the working fluid around the field, run the cooling system and other 

auxiliaries. 

Other factors which affect the average annual efficiency include availability (typically 

98% ), dirt on collectors, and low sun times when full operation temperature cannot be 

achieved. A further reduction in output ranging from 100% to 64% depends on these 

factors (Kreith & Goswami, 2007).The 'average' efficiency is lower than the 'peak' due to 

transients and the fact that insufficiently high temperatures can be sustained if the solar 

irradiance is below 300W /m2
. It is interesting to note that at the time of visiting the plant, 

the 'control' system to maintain the working fluid temperature included human observation 

of the sky condition and approaching cloud, anticipating the required flow rate of the 

collector, and manually adjusting the flow rate through the collector in accordance with the 

observed temperature, in other words, a control system relied on 'bio feedback'. The 

substantial thermal inertia in the system assists this process by damping the response and 

minimising oscillation. 

Other limitations of this technology include the requirement of a minimum scale for 

deployment. To achieve a sufficiently high economic efficiency, it is necessary to have a 

minimum scale of about 50MW. This is mainly due to the turbine efficiency/scale 

characteristic requiring large scale for high efficiency. PV and CPV systems are 

independent of scale. 

Positive aspects to this approach relate to dispatchability. The ability to 'co-fire' the system 

with a complementary gas boiler and use thermal storage mean that the capacity factor can 

be increased and that there is flexibility to deliver power when tariffs are attractive. This 

may considerably improve the economics for CSP projects which can take advantage of 

these aspects. 

18 



Chapter 2 

Figure 2-4: Solar thermal trough concentrators at the Solar Energy Generating System (SEGS) plant 

in California, USA (photo taken by JB Lasich, 1996). 

Figure 2-5: Solar Energy Generating System (SEGS) plant in California, USA looking at the 'field' 

from the power block (photo taken by JB Lasich, 1996) 

2.4 Low Concentration CPV 

At first glance the option of low concentration CPV of say 2 to 5 suns sounds attractive 

since it is theoretically possible to reduce the expensive PV cell area by a factor of 2 to 5 

times .. However the complications of tracking and elevated module temperature can negate 

much of the value gained from the reduced cell area. The researcher's experience with the 

2 sun CPV unit (Figure 2-6) indicated that although the output was increased by 
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approximately two times, the cost was also two times. It was also noted that the cell 

temperature exceeded 100°C and could lead to module degradation (as in the Carris a plains 

experience (Czandema, 1996)) where the ethylene vinyl acetate (EVA) laminate degraded 

and turned brown reducing the output. The researcher used a Solarex panel with silicone 

laminate and experienced no significant reduction in output over several years. 

The researcher believes further work on this low technology approach is warranted. Dr 

Lew Prass of US company JX Crystals have made some interesting progress in this area. 

Figure 2-6: Photo of a 2 sun concentration built by the researcher. The system has 4 planar reflectors set at 

30 degrees from the normal to the solar panel in the centre. Tracking was achieved by using a shadow band 

east-west with a seasonal tilt in the N-S direction. 

2.5 CPV Using Trough Concentrators 
Trough concentrators have been well developed for solar thermal applications with 

approximately 3.1 million m2 installed worldwide, resulting in a total generating capacity 

of about 600 MW. 
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The concept of using an established concentrator technology with PV cells appears 

attractive at first glance with a 25 times the concentration, the cell area can be reduced by 

almost 25 times compared to flat plate PV and the thermal challenge is less daunting. The 

option for co-generation also exists. Several developments are underway in the area. They 

include the EUCLID ES project in Tenerife (see Figure 2-7 and 2-8), a passively cooled 

system for the production of electricity only and the CHAPS system built and tested by the 

ANU (Smeltink, 2005) which was an actively cooled method also capable of providing 

domestic or industrial heat. Both systems used modified 'one-sun' silicon cells. 

Figure 2-7: Euclides CPV troughs in Tenerife 

Figure 2-8: EUCLIDES note the extended collector to allow for seasonal sun angle changes. 
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The researcher also built and tested two generations of CPV troughs (Figure 2-9 and 2-10). 

The second generation CPV trough in Figure 2-10 incorporated silicon cells and water 

cooling. This experience showed that while a trough needs to only be tracked in one axis 

and the heat transfer requirements through the cell is only 2.5W/cm2 the effort and cost of 

engineering such a system is high and the benefits appear to be limited. A number of 

second order effects detract from the performance including end losses. If the system is 

tracked only on one axis there are parts of the PV receiver which are not illuminated as a 

result of seasonal changes. Parasitic losses can be high - up to 10% - because of the very 

long receiver necessary to support a long 'string' of cells. Flux distribution losses also are 

significant (Coventry, 2005) since about 500 large cells must be connected in series to 

produce a potential of 250 volts. It is very difficult to keep the necessary, precise and 

uniform concentrated solar power on every cell of a receiver that may exceed 20m in length 

unlike solar thermal where this effect is insignificant. Further discoveries after building a 

small 2-axis tracking dish with a concentration of 500 times showed that once the designer 

has committed to a tracking system, two axes are not significantly more problematic than 

one axis. There are significant advantages to be gained from 2-axis tracking including: 

collection of more energy; ability to deliver high concentration; allowing the area of 

expensive solar cells to be reduced by a further factor of 20. Once the significant challenge 

of removing heat from the cells of 50kW/m2 was achieved, the cooling system and parasitic 

power requirements are smaller. The researcher developed a laminate of cell-ceramic-metal 

heat sink capable of transferring 50kW/m2 from the CPV cells to a coolant fluid with a ~T 

of less than 20°C between the cell and the coolant. This laminate incorporated (Lasich, 

2001, Patent No. 7076965B2) the necessary flexibility in the system to accommodate 

different thermal expansion coefficients for the different materials. 
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Figure 2-9: PV trough concentrator - Peak power= 45Watts built by the researcher in 1978. The 

system also produced hot water. The trough was formed from bright stainless steel with a reflectivity 

of65% 

Figure 2-10: Second generation CPV trough built by the researcher usmg bright anodised 

aluminium reflectivity of 85% including silicon solar cells. The system is designed and built by the 

researcher and tested on his premises. 
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The following Table 2-1 shows the side by side comparative performance and cost for a 

sample of solar power generators, by a range of different methods. 

Technologies represented include: 

• Photovoltaic panels; 

• Solar thermal troughs; 

• Dish Stirling; 

• Central receiver thermal; and 

• Researcher's system, Reflective Dense Array concentrator photovoltaics (CPV). 

• Lens based CPV 

Other technologies which show potential for high performance and low cost include 

crystalline silicon on glass (CSG) and 'sliver' cells which greatly enhance the number of 

watts which can be generated from a silicon wafer. The following graph, Figure 2-11, 

shows the researcher's estimate of future trends of average annual system efficiency for the 

leading technologies compared to the CPV technology developed by the researcher. 
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Organisation Technology Plant Size MW CostAU$/W 
Future Expectation/Target Comments 
Efficiency Cost/W 

Solar Systems Heliostat CPV 150 (design) $2.74 targeted at 24% annual 1.80 Central receiver configuration with 
Fully optimised for System and 150MW efficiency with heliostats beaming concentrated 
large scale project present efficiency 42 % cells and light at 500 times to multi-junction 
using the 76% optical concentrator cells. Prototype 
researcher's efficiency. 140kW field recorded 25% peak 
technolo2v. efficiency (Lasich, 2009) 
Luz Thermal troughs 345 installed and ;::::: $5 .50/W gas Limited by max Best loop efficiency 60-70% 
USA up to 400°C runnmg smce assisted temp to 22% peak annual, peak optical=78% for 
'SEGS' Plants 1985 and annual 'SEGS' V. 

average People from this project formed a 
efficiency of 14- new company called Bright Source 
18% (Kreith and Energy to develop central receiver 
Goswami, 2007) systems to overcome efficiency 

limitations of troughs. 
Amon ix Lens CPV lOMW -$4/W 20% estimated -2.20 Fresnel lenses have lower 

annual average efficiency than reflective optics 
Solucar Thermal central 10 (installed) $5.72/W Could be up to Average annual efficiency -15 % 
Spain receiver 250 °C 20 (design) $4.60/W 20% for high predicted @ 250 °C steam 

14% annual target. predicted temperature of temperature 
550°C 

Researchers CPV HCPV 15 (design) $3.94 Rough 24% Estimate based on present Solucar 
System powering Average annual estimate for SS PV 1 OMW thermal station refitted with 
Solucar 1 OMW efficiency 22% in Solucar 'PS 10' Researchers PV DenseArray 
central receiver predicted with 42% receiver. 
design cells and optimised 

optics. 
20 leaders of flat Flat plate PV 2500/year $7 .50 in 2008-9 16%-18% peak 5 Efficiency has not increased much 
plate PV industry systems 12%-14% in 10 years apart from SunPower. 

efficient The increased cost seems to 
outweigh the advantages. 

Researcher Dish PV l.5MW $3 .50/W Average annual 2.20 The same components used in dish 
Peak 25% efficiency of 30% CPV can be used in the heliostat 
Average annual central receiver form (see top of 
22% (Lasich 2009) page) . 

Table 2-1: Technology Comparison as seen by the Researcher (efficiency based on total projected collector area) 
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Projected Annualised AC Energy Efficiency of solar power stations 

Potential 
Co-Generation Solar Systems CPV 

Thin Film PV 

-+-Solar Systems (CPV)*** 

--- Non-Standard cSi Flat Plate* 

Standard cSi Flat Plate* 

-+- CdTe Flat Plate* 

--*-- CIGS Flat Plate* 

~a Si Flat Plate* 

-+- Trough CSP** 

-+- Central Receiver CSP 
--Stirling CSP 

5% +---------------------------1 • From NREL predicted efficiencies 
••From Kreith & Goswami, 2007 
••• Based on Spectrolab's prediction 

0% +-------....-----........ -----......-------1 of cell efficiency. 

Now 2012 2015 2020 

Figure 2-11: This graph shows the trends for average annual system efficiency estimated by the researcher. 
The estimations for PV technologies are based on NREL estimations for the cell efficiency. (Von Roedern, B 
2008, Von Roedern, B 2005, Sopori, B 2007, Kieys, .B 2007, Friedman, D 2007, Roedern, B 2007). Stirling 

system efficiency estimated from Mancini, 1968 and Kreith, 2007. 

The literature review has highlighted a common theme, that is, regardless of the technology 

both efficiency and cost per m2 play key roles in achieving low LCOE for solar power 

systems. For example it can be shown that for a given low efficiency flat plate system (say 

8% system efficiency from a 10.6% efficient panel) there is the minimum cost/Watt below 

which the system cost cannot fall even if the solar cell is 'free'. The balance of the panel 

and the system are fixed essentially by the area of collector required. The only way the cost 

can be reduced further is to reduce the area of the system, and that requires an increase of 

efficiency. For a thin film cadmium telluride panel where say 1/3 of the panel cost is 

related to the solar cells and the panel is half of the system cost only a further one sixth or 

16% cost reduction can be made even if the cost of the cells were to be zero. This statement 

assumes that 'volume' effects on common elements like 'white glass' are similar for all 

solar technologies and thus other relativities would be similar. 

This finding is a major driver which supports the development of a system which can be 

low cost per m2 AND have a very high efficiency. 
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A high concentration CPV system with high efficiency solar cells has the potential to 

achieve this. Figure 2-12 shows the Amonix CPV system which uses thousands of 

distributed 500X lens-cell couplets incorporated into five 'Megamodules' which are 

passively cooled and mounted on a tracker. 

Figure 2-12:Amonix lens based CPV technology installed in Spain 

The researcher has chosen to use a separate 'reflective collector' and PV 'dense array' 

'receiver' or 'converter' with a single focus and active cooling for the following reasons; 

• A glass mirror is the simplest collector there is, it contains no active components 

and also has the highest optical efficiency (up to 97% ) .. Millions of m2 have been 

proven for CSP over 20 years. There are also many experienced suppliers 

• A small dense array CPV receiver contains all the complex components in a single 

box for easy monitoring, maintenance and upgrade. The manufacturing overhead is 

a fraction of other CPV of the same capacity 

• Active cooling, while more complex than passive cooling, will significantly reduce 

maximum cell temperatures and cycle amplitudes thus increasing cell life 
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• The probability of successfully aligning one concentrated beam with one PV 

receiver using feedback from the cells is much greater than for aligning (and 

keeping aligned) thousands of lens-cell couplets on a single tracker. This will lead 

to higher average annual efficiency. 

• This approach also allows flexibility of application where a central receiver format 

can be used. Co-generation using waste heat contained in the coolant or spectrum 

splitting for high grade heat are also possible. 
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CHAPTER3. OUTLINE OF SYSTEM PHILOSOPHY & 

IDENTIFICATION OF MAJOR COMPONENTS 

The arguments presented in the introductory chapters highlight the tension between 

obtaining high conversion efficiencies and the resulting high cost of PV cells. 

A possible way forward is to develop a design which can have high efficiency at a low cost. 

The system philosophy is developed by considering the points below: 

• Presently, electricity generated from solar energy is too expensive for most 

applications. 

• The reason for this is that even for the most economic systems the conversion is 

very inefficient, typically 12% (system) and that the "converter" solar cells are very 

expensive per square meter resulting in a large area of high unit cost components. 

• To overcome this problem, firstly increase efficiency. 

• In the past, this required increasing the cost of the active components which is a 

large percentage cost of the system. 

• This results in higher efficiency, but at higher cost - resulting in no net gain. 

• To avoid this problem, separate the collector and the converter, use a large, 

inexpensive reflector to collect and concentrate energy to a small high efficiency 

receiver and concentrator to produce electricity. 

• High concentration reduces receiver cost - this must be optimised by considering 

optical efficiency and tracking accuracy as well as removal of high flux thermal 

energy. 

• Because the solar energy is concentrated into a small area, a number of processes 

can be economically used to extract further useful power from the solar beam (even 

though these processes maybe expensive on a per unit area basis). 

• Processes which can utilise concentrated sunlight include: 
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• Photovoltaics 

• Thermoelectronics 

• Thermophotovoltaics 

• Thermal processes that: 

o generate electricity via a heat engine 

o drive chemical reactions (thermochemical reaction) 

o used as thermal energy for 'heating', which simply raise the temperature 

of a process. 

• With the world record efficiency at 41.6% for multi-junction concentrator cells 

(reported by Spectrolab) and increasing at a rate of approximately 1.0% absolute per 

year (Kurtz,S 2008), it is now clear that the photovoltaic converter has the greatest 

potential for high efficiency. 

The challenge is to make them operate efficiently and reliably at high concentration 

and create a design which can also be low cost. The approach will be to develop a 

system with a separate collector and a PV concentrator. The collector must have 

potential for low cost and the converter must have the highest possible efficiency. 

(Since the time of writing, Spectrolab have announced an increase to 41.6% for a 

latticed matched triple junction cell.) 

The main components are: 

• The collector or concentrator (primary optics) 

• The receiver containing: 

• Solar cell array 

• Secondary optics 

• Heat extraction system 

• Monitoring system 

• Tracking system 

• Mechanical 

• Electrical 

• Software 

• Heat rejection system 
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3.1 System Components: Philosophy, Realisation and Results 

In the literature review, the researcher examined the merits and challenges of five different 

approaches to solar power generation and concluded that although high concentration CPV 

had some significant challenges it also offered the greatest potential for the lowest cost. In 

order to produce new evidence to support this thesis the researcher has designed, built and 

tested several high concentration CPV systems beginning with 3.4kW, a 20m2 faceted dish 

and 'dense array' CPV receiver operating at approximately 270 suns. The second case 

considers a 35kW, 130m2 unit being a production prototype known as a CS500 

(concentrator system running at 500 suns). 

3.2 Dish Solar Concentrator (small - 20m2
) 

3.2.1 Characterisation and Optimisation of a 20m2 Concentrator Dish 

A number of dishes have been used by the researcher for development of concentrator 

photovoltaic (CPV) systems. 

Although the researcher has maintained the same underlying philosophy throughout the 

research, its realisation has evolved over time as experience has been gained. One of the 

early systems developed was a 20m2 facetted dish. 

This is described here as it exemplifies features that must be considered when designing 

systems. In particular it highlights a specific design that illustrates the process and 

relationships between primary concentrator optics, secondary optics, cell array, tracking 

and cooling system. 

This was the first multi-kW realisation of a CPV system by the researcher, producing a 

nominal 3.4kWe. While the performance of this dish/receiver design was excellent 

achieving 20% DC efficiency (Verlinden et al, 2001) and it verified the ray trace model 

developed by the researcher and co-worker, G. Ganakas (see Chapter 5), the potential of 

this system to achieve low cost was limited due to the large number of individual mirror 

facets required to be cut, attached and aligned. A commercial version (CS500) was 

developed to address the cost and issues and it is reported in detail in Chapter 5. 
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There are four main areas that need to be addressed when developing a PV dish solar 

concentrator design: the primary concentrator optics, the photovoltaic receiver and 

secondary optics, the receiver cooling system and the sun tracking system. There are many 

interrelated characteristics of the system where each must be optimised without seriously 

compromising the others. For cases where a PV array is located near the dish focal zone, 

the 'shape' of the incident energy beam needs to be characterized and modified with 

secondary optics, especially when the PV cells in the receiver are connected in series to 

achieve high voltage. A series connected PV array that is unevenly illuminated can have its 

peak power output reduced by more than 50%. Series connections are necessary to obtain a 

usable, high voltage, DC power output typically 240V to 600V. Managing the flux 

distribution on the solar cell array is a significant part of the art and can mean the difference 

between success and failure. 

3.2.2 Primary Concentrator Optics 

The primary concentrator is modelled on an existing dish, which was originally used in a 

solar thermal power application. The original dish consisted of a steel rimmed fibreglass 

shell as the main mirror support structure. The shape was paraboloidal with a diameter of 

5.05 meters, a focal length of 1.81 meters, a rim angle of approximately 70 degrees and a 

projected mirror area of 19.83m2
. The dish contained approximately 2300 mirrored glass 

tiles most of which were the same size. These tiles, as will be seen later, did not produce a 

sufficiently coherent beam characteristic and so the dish was resurfaced with an increased 

number of smaller and accurately aimed and configured mirror tiles. The tiles were 

trapezoidal in shape and arranged in 30 concentric circles. The tile average widths 

(circumferentially) vary from 10.4cm in the outer ring to 4.4cm inner ring. The tile heights 

(radially) are approximately 10.2 ±0.2 cm except for the 12 outer rings which are half this 

height. This tile height reduction served to reduce the size of the image of each tile at high 

rim angles and thus maintain a tightly focused beam around the focal zone. This was 

needed so that all available energy could be captured by the relatively small aperture of the 

secondary optics. The number of tiles is 3127. The exact placement of each mirror tile was 

determined using a computer ray-tracing model ('PV Trace developed by the researcher 

and co-worker G Ganakas). The mirrors were modelled mathematically as a number of 
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concentric, segmented circles that are inscribed on a paraboloidal surface. Figure 3-1 and 3-

2 show the side and front profile of the modelled mirror surface geometry. 

) .... -----------------------------------

2 ------

1 

-1 ------

-3 ..... ________________________________ ..... 

Figure 3-1: Side profile of the modelled 20m2 PV dish concentrator (units are in meters). 
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Figure 3-2: Front profile of the modelled PV dish concentrator (units are in meters). 

The mathematical model was programmed in BASIC. A ray tracing code was used to 

predict variations in flux that impinge on the receiver surface. The code generates many 

random 'light' rays that are reflected by the mirror tile surfaces. The resultant energy 

distribution is a summation of all rays intercepted by the sampling region and the 

accumulated counts on each sampling point are subsequently multiplied by the calculated 

ray power to give overall energy intensity. This number is then divided by the small area 

(resolution) of the sampling region to give a power density value. 

The result produced is an instantaneous power density map that can be displayed as a two 

dimensional contour or a three dimensional surface plot. 
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The mathematical code uses the principle of reflection whereby light rays (vectors), 

incident on a given surface are modelled using the formula: 
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A I = 2(A.B/B.B)B - A (1) 

where an incoming ray in Euclidean space is described by the vector A = ai+bj+ck : a,b,c 

are real numbers and a surface of which the normal component vector at the intercept point 

is described by B = di+ej+fk : d,e,f are real numbers. The reflected image of the vector A 

is A' with respect to the non-zero surface vector B. For a faceted parabolic dish, we find the 

gradient vector B of each facet by considering 3 points that make up the facet. If we have a 

plane through three points, a (xl, yl, zl), b (x2, y2, z2) and c (x3, y3, z3) then the vector B 

in this case may be found by determining a normal vector to the plane which is given by the 

vector product of ab and ac. 

3.2.3 The Sun 

The Sun's shape can be modelled as a disk of small but non-zero radius. Because the sun's 

disk has a diameter and is not a point source, it illuminates a point on a reflector surface as 

a cone of rays rather than a single narrow beam. The angular distribution of energy with 

respect to the central ray (the ray emanating from the centre of the sun) is known the 

"sunshape". Usually the sunshape is modelled as a flat, uniform "disk". More accurate 

models of the sunshape include uniform disks with Gaussian-like tails or allow 

experimentally measured data to be incorporated into the ray-tracing program. The flat 

disk model is a good approximation, although it does not take into account the small 

percentage of energy emitted by the corona. In this application the ray tracer showed no 

significant difference between 'pill box' and Gaussian errors in the resultant distributions 

when modelling PV concentrators with diameters greater than 1 meter. A 'pill box ' sun 

shape has been used in this model and the angular deviation of incoming rays will be no 

more than 0.265 degrees. 
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Slope Errors 
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Reflection errors are errors that cause a reflected ray to deviate from its ideal path. An 

attempt has been made to incorporate this error into the model. A real reflector differs from 

a perfect reflector in many respects. One example is that of "waviness" which can exist on 

the reflector surface and indicates the flatness of the glass superstrate on which the silver 

mirror surface is applied. This is known as "slope error". Surface roughness also 

contributes to reflection error causing ambiguity in the actual direction of the surface 

normal and results in a diffuse reflection. The diffusion and "waviness" error of a 

reflective surface is assumed to be completely random and is modelled as a 'pill box' 

distribution for the primary concentrator. Also, the degree of error for mirror-pointing 

accuracy was estimated from mirror alignment maps ascertained after the mirror tiles were 

laid and cured (see Figure 3.3). This mirror-pointing estimate was produced using the laser

mapper aligner built by the researcher and G Ganakas shown in Figure 3-4. The errors 

associated with dish tracking can also affect the beam displacement and to some extent, its 

shape. This error was found to be minimal and not to significantly alter the resultant beam 

shape. This is because with the 'active' tracking developed by the researcher ensures that 

the dish tracking error is less than 0.1 ° and the 'off-axis' effects are insignificant. (See 

section 5.6) 

Figure 3-3: The researcher laying mirror tiles for the 20m2 test dish. 
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Figure 3-4: Robotic laser mapping alignment system to align mirrors for 20m2 dish with 3127 

facetted mirrors. 
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Surface Roughness 

The surface roughness of the mirrors was determined using a comparative measurement of 

a laser beam spread. Firstly, the beam width of an LED laser beam was measured at a 

distance from the source of 40m. The same laser beam was then reflected from a sample 

mirror where the reflected beam length was 40m and the incident beam length was less than 

lm. The width of the reflected beam was measured at 40m distance from the sample 

mirror. This process was repeated several times with different mirrors and found to result 

in a similar beam width, indicating a spread of typically ±0.005°. This effect is insignificant 

and has little effect on the modelling since it is approximately two orders of magnitude 

smaller than the sun width. 

The 'waviness' or slope error was not considered in this model due to the small size of the 

tiles. The pointing error or the pointing direction of each tile was accurately known using 

laser mapping measurements of the optics from previous dish constructions. This data was 

used directly in the simulation to define the mirror direction vectors (Lasich, 2001, AUS 

2002244529B2). 

Figure 3-5 shows the reflection of solar radiation and the reflection of incident rays by a 

flat surface and the resultant cone of errors. 

Incident Solar Rays Incident Rays 

Reflected Rays 

I 
Reflector Surface Reflector Surface 

(a) Solar Disk and Reflected cone (b) Incident Rays and Reflected cone 

Figure 3-5: The reflection of solar radiation off a perfectly flat surface and (b) the reflection of 

incident radiation off a surface with symmetrical error. 
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3.2.5 Mirror Reflectivity and Mirror Dead Space 

The reflectivity associated with an optical surface is not perfect and so a method for 

describing this parameter is necessary. Apart from the directional errors described above 

there are also losses due to dead space between mirrors and the actual reflectivity of the 

mirror itself. For a back surface mirror this reflectivity is made up of two components, the 

reflectivity of the silver backing layer and the absorption of the glass through which the 

light travels (twice). For the resurfaced dish, new high performance 1 mm thick low iron 

glass with the manufacturers specification of 95% solar weighted average was used and an 

allowance of 1 % was also allowed for scratching and soiling. 

The overall profile of the mirror tiles are modelled to have a uniform reflective loss and 

occur as a statistical loss of rays in the computer model. Reflectivity values may be 

assigned for all optical components. The actual dish contains gaps between the mirrors 

whereas the simulated dish does not. Figure 3-6 shows an exaggerated view of the 'dead' 

space in the actual dish compared to the simulated one. Instead of modelling the actual 

'dead' space geometrically (which was not practical), the absence of reflective area caused 

by this space was incorporated onto the overall dish reflectivity number. The 'dead' space 

was approximated by experimental measurement. Another loss incorporated into the dish 

reflectivity number relates to the shading of incoming sunlight by the three struts which 

hold the receiver in place. Shading caused by the receiver is calculated by the computer 

model. Both the real and simulated dishes have a 50 cm diameter, circular area located in 

the dish centre which is un-mirrored. 
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Front Vie1AJ 

Simulated 

5.05m 

Figure 3-6: Diagram showing the difference between the actual and simulated dish 

3.2.6 Correlation of prediction with measured results 

The first comparison of measured and predicted performance for the 20m2 dish was done 

with an aged dish which had been exposed to the weather for 12 years. The resultant flux 

distribution produced by the computer model was compared with experimental values 

(Figure 3-7). The experimental data was taken using a GaAs solar cell made by Varian. 

The cell was soldered to a copper tube in which cooling water was allowed to flow is 

shown in Figure 3-8. The cell and tube were moved across the focal plane of the dish while 

current measurements were taken. The GaAs cell characteristics are well known and 

supplied by the manufacturer Varian being 5.0amps (Werthen 1994) at a solar flux of 1000 

suns. The current measurements were converted to power density values. The slightly 

lower intensities seen in the peak experimental values were possibly due to the presence of 

dirt and corrosion in and around some of the aged mirror tiles. The aged dish reflectivity 

was determined by adjusting the modelled reflectivity until it the predicted light power 

delivered to the receiver matched with the calorifically measured 12 kW of light absorbed 

at the receiver. (The reflectivity of the receiver was set at 10% ). The correlation between 

the predicted and measured beam shape indicates that the model correctly predicts the 

character of the beam. The shape is essentially Gaussian, with a 'flat top' which is 

characterised by the flat mirror tiles. The peak value also matches reasonably well 

considering that the calorific test was indicative only. The asymmetry in the measured 

result may be a result of macroscopic change in the dish shape due to gravity as the 

orientation of the dish was approximately 20° from vertical during measurement, but was 
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positioned horizontal during mapping. Another source of this asymmetry could be mirror 

reflectivity reduction, due to partial corrosion resulting from the 12 years of weathering 

while it was positioned horizontally. The total power delivered to the focal plane was 

approximately 12kW, indicating an average mirror reflectivity of only 70%. The starting 

reflectivity would have been approximately 84% being typical of the 'bathroom mirror' 

that was used. 

Flux Intensity versus Distance Across Receiver 
100. 
90.0 
80.0 

W/cm2 70.0 
60.0 

50.0 
40.0 

30.0 1----+---+-..,:m,.....--+---~-+--·-·t-·-

20.0 
10.0 
0.0 

-30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 
Receiver Width (cm) 

Figure 3-7: Intensity profile of the simulated solar flux distribution - Simulation Versus Measured 

Data (Side Profile) of a 5m diameter, 70 degree rim angled, l.8lm focal length dish containing 

approximately 2300 flat mirrored tiles (the original dish with total power approximately 12kW 

equating to an average reflectivity of 70%) 
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Figure 3-8: Solar Flux measurement 'wand' with variant GaAs concentration cell soldered to 

cooling tube (designed and constructed by the researcher) 

The dish was later re-mirrored using high reflectivity mirrors (94% ), with a smaller tile size 

on the outer 12 rings. 

The mirror reflectivity and optical losses for the real dish and the numbers used for the 

simulated dish are: 

(a) Real Dish 

Dish diameter 

Dish aperture area 

Dish tiled area 

Projected mirror area 

Mirror tile reflectivity 

Shading by receiver 

Shading by support struts 

=5.04 m 2 

= 19.95 m2 

= 19.75 m2 (Dish aperture minus 

unused area in dish centre) 

= 19 .48 m2 (Dish tiled area minus 

gaps between mirrors) 

= 94.0% (for silver backed glass) 

= 1.90% 

= 0.36% 

The ratio of mirror tile gaps area to total tile area 

= 1.41 % 

Mirror roughness error = 0.005 degrees 
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(b) Simulated dish 

Dish diameter 

Dish aperture area 

Dish tiled area 

Projected mirror area 

Mirror tile reflectivity 

Mirror roughness error 

= 5.04 m2 

= 19.95 m2 
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= 19.75 m2 (Dish aperture minus 

unused area in dish centre) 

= 19.75 m2 

= 94.0% - shading by support struts - loss 

due to gaps in between mirror tiles 

= 94.0% - 0.36% - 1.41 % 

= 92.5% 

= 0.005 degrees 'pill box' 

Figure 3-9 below shows the results of a ray-trace simulation for an incident solar radiation 

intensity of 1000 W/m2 . 

Solar Flux Di st ti but ion Seen a The Focal Plane of a 5m Diam et er Dish 

14:1 

Wlcm2 

0.12 -0.~ 

Figure 3-9: Simulated flux distribution seen at the focal plane of a Sm diameter, 70 degree rim 

angled, 1.81 m focal length dish containing approximately 3100 flat mirrored tiles. The peak flux 

intensity is 134 Watts/cm2
. The total 'light' power delivered is approximately l 7kW. It can be seen 

that virtually all of the flux falls within a distance of ±0.06m from the centre. 
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3.2. 7 Secondary Optics 

To be useful at large scale, it is necessary to have a system capable of producing several 

kilowatts or megawatts of power. With the practical power output for available solar 

concentrator cells being in the order of 20 Watts (at 0.7V for silicon and 2.6V for multi

junction), it is thus necessary to form an 'array' of hundreds of cells to achieve this power 

level. Electrical power transmission losses (P·R) also require a high voltage to deliver 

significant power efficiently. This in tum requires a high voltage - in the order of hundreds 

of volts, meaning that hundreds of cells must be connected in series. To avoid 'series 

mismatch' and obtain the maximum power from a series-connected array of solar cells, it is 

necessary to have a uniform flux distribution of light delivered across the array. 

For a 'one-sun' situation, this is generally very easy. All the cells must be located in the 

same plane and ensure no cell should be shaded. 

For the case of concentrated sunlight however, the beam presented from our faceted 

parabolic dish is far from uniform, showing a range of intensity over two orders of 

magnitude (Figure 3-7 and 3-9). This would result in a significant drop in power output 

due to 'series mismatch' (elucidated in Section 4.4.4 which discusses the sensitivity of 

series strings of solar cells to varied flux distributions.). 

Considering these factors, it is necessary to develop secondary optics which: 

1. Capture as much of the concentrated beam as possible thus maximising the overall 

optical efficiency and 

2. Deliver as much concentrated light as possible, evenly to the array of cells. 

In keeping with the philosophy of targeting the highest efficiency at lowest cost, a 

'receiver' containing an array of solar cells with secondary optics was chosen to: 

• be as small as possible while still collecting most of the solar beam (Figure 3-9 

indicates a radius of 12cm will achieve this); 

• have secondary optics to 'modify' the primary concentrated beam and deliver it 

'evenly' to an array of solar cells; 

• be square to minimise complexity and cost; 
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• have a voltage that will be high enough to deliver the electrical power to efficiently 

transfer the power; and 

• operate at an intensity which the solar concentrator cells can survive safely and 

efficiently (maximum 500 suns). 

Considering the available solar cells with a size of l.5cm x lcm and the above 

requirements, it was concluded that a Photovoltaic Receiver (PV Rx) containing 384 

series-connected cells would provide the necessary voltage of 265V (384 x 

0.7V/cell) and cover an area of 24cm x 24cm being sufficient to capture most of the 

beam. 

For this scenario, a simplistic calculation for the electrical power Pe, output for a perfect 

dish and receiver (assuming all reflected light is captured by the cells) would be: 

Pe= optical power reflected to the receiver (PL) x average cell efficiency (TJcell) 

or Pe= PL x Tlcell 

where TJcell = 0.22 or 22% 

i.e. Pe= 17kW x 0.22 = 3.74 kW 

This calculation assumes that all reflected light hits the cell array, there is no series

mismatch and the secondary optics has no loss. This is the maximum ideal possible output. 

A more realistic model for the power output would include optical losses in the flux 

modification and series-mismatch, since the flux distribution will not be perfectly 'even'. 

Three other factors can be used in combination with a 'flux modifier' to assist with 

'shaping' the flux delivered to the cell array: 

1. Position of the flux modifier aperture plane in relation to the dish focal plane; 

2. Individual primary mirror facets may be pointed to another target point (within 

the flux modifier) other than the focal point; and 

3. Individual facets may have a focal length different to the system focal length. 
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Constraints governing design of the flux modifier include: 

1. The 'exit' must be the same shape and size as the cell array to prevent loss of 

concentrated modified flux; 

2. The cost must be low; 

3. Weight must be low since the receiver is supported on a cantilever at the focus 

of the dish; and 

4. 'Modified' rays should approach the cell array at an angle of inclination of less 

than 60% to minimise 'surface' reflection from the cell/cover glass face 

according to the Fresnel equation. 

Compromises must also be made considering: 

• Reflectivity and cost; 

• Length and number of ray bounces; and 

• Flux modifier angle and approach of the reflected beam to cell face. 

With these criteria established, it is then possible to proceed with the design of the 

secondary optics named the 'flux modifier' (FM). 

The optimisation of the FM design was developed using our own code ray trace program 

called 'PV Trace'. The main steps of the process are shown below. 

The target is to achieve an average intensity of l 7kW for a receiver size of 24cm x 24cm = 

29.5W/cm2 or about 300 suns. 

Considering the flux shape shown in Figure 3-9 (at the focal plane) the peak flux is 

approximately 120W/cm2• The first step is to reduce this by moving the receiver lOcm 

back from the focal plane so that the peak is now approximately 27W/cm2. (See Figure 3-

10). 

Figure 3-11 shows the effect on the flux distribution of moving the receiver back behind the 

focus and applying the reflective 'flux modifier' plates to reflect the 'crossed over' beam 

back onto the 'cell face'(Figure 3-10 without flux modifier). Figure 3-12 shows what the 

receiver flux modifier configuration will look like. 
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Figure 3-10: Simulated flux distribution as seen 

lOcm behind the focal plane of a 5m diameter dish. 

There is no secondary optics used here. 
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Figure 3-11: Simulated flux distribution as in Figure 

3- l 0 with the addition of a 'flux modifier' . 

PV Array 

PV Dish 
Focus ------

Figure 3-12: The PV dense array surrounded by 4 highly reflective plates place behind the focal 

point of a 5m, diameter dish. 

The graph in Figure 3-11 is a more even flux distribution, but would still result in a 

significant series mismatch loss. To improve this further, the precise direction of a number 

of mirrors tile were systematically adjusted in the ray trace model by trial and error until 

they produced a more even distribution (note: round beam into square hole). Figure 3-13 

shows the effect on the flux distribution by re-pointing 944 mirror tiles. The mirror tiles in 

the 5th to 10th outer rings (counting from the outer most rings of mirrors) that were 

pointing towards the corners of the receiver were moved away and re-pointed towards the 
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centre of the edge of the receiver. All mirror tiles from the 23rd to 26th rings were pointed 

outwards to reduce the 'doughnut' shape that can be seen in Figure 3-10 and Figure 3-11. 

FllJ)( Dstrib.Jtion10-5cm Betind Focus W1h a' Aux Modfier' and Caifigu-ed 
Mirror Tiles 

Rec. Heigd (m) Rec . Wdh(m) 

Figure 3-13: Simulated flux distribution as seen lOcm behind the focal plane of a Sm diameter dish. 

The beam has been changed using a 'flux modifier' and by configuring the direction of a number of 

mirror tiles. The incident solar intensity is 1000W/m2 which produced an average irradiance of 29.48 

Watts/cm2 with a nominal mirror activity of 94%. Total power is 17kW optical. 

3.3 The Photovoltaic Receiver 

The essential constraints that define the size and shape of a photovoltaic receiver are based 

on the properties of the solar cell device. These properties include: 

(i) the cell size (available and practical), 

(ii) the voltage and current output (required), 

(iii) the cell efficiency, 

(iv) the operating conditions of the cell and 

(v) the cost and availability. 

(vi) cooling considerations, 

(vii) power extraction. 

(viii) the ability to cool the cells (this limits the concentration ratio) 

The devices most suited for this dish concentrator at the time of the initial experiments 

were found to be a 124 micron thick, back-contacted, silicon solar cell manufactured by 

Sun Power Inc. The cells measure 10mmx15mm in size and are grouped together to form a 

60mm x 60mm, 6 x 4 cell, series connected module. An arrangement of 4 x 4 modules 
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makes up the entire receiver. The module size was chosen for ease of handling. All 

modules are series connected and the cell number totals 384. All cells are series connected. 

A basic calculation yields the predicted power output of the entire receiver (average cell 

efficiency x incident power). The results are shown in Table 3-1. The cell efficiency is 

based on flash tests and the expected solar radiation intensity (irradiance) is taken from in 

field results for Dish #2 at White Cliffs (Verlinden et al, 2001). 

Number Receiver Incident Average 
Predicted 

of 
Irradiance Area Power on Cell Power 

Actual 

Cells 
(Watts/cm2

) (cm2
) receiver Efficiency (kW) Power 

(kW) (%) 

384 cells 25.3 576 14.6 24.7 3.59 3.44 
m senes 

Table 3-1: The predicted and actual power output from a Photovoltaic receiver containing 384 

series-connected cells with an incident solar beam irradiance of 25 W atts/cm2 and a 39°C cell 

temperature. 

The power predicted in Table 3-1 however, does not take into account the reduction in 

power output caused by the variation in flux intensity across the receiver. Generally, 

reduced flux intensity on any one cell connected in series with a group of other cells will 

have a reduced current and cause the current of entire array to be reduced. The actual power 

output therefore, may be substantially less. A measure of the performance of the actual 

system will be indicated by how close the actual performance is to the predicted 3.59 kW. 

The actual output was measured at 3.44 kW showing that the loss due to flux variation was 

4.4%. 

Figure 3-14 shows a prototype receiver in a dish concentrator system 'on sun'. Prototype 

and production receivers are also shown in Figures 3-15 and 3-16. 
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Figure 3-14: Photo of 3.3 kW prototype receivers 'on sun'. 

3.4 Solar Cell Array 

The design, performance and reliability of the solar cell array in a photovoltaic concentrator 

system is key to success for a CPV system. It must however be matched to the collector 

optics. The collector area is composed of non-expensive mirrors concentrating the sunlight 

onto a small area of expensive and very efficient solar cell array. The ratio of the projected 

aperture of the mirrors to the solar cell area is called the geometrical concentration ratio. 

The geometrical concentration ratio does not take into account optical losses due to non

perfect reflectivity of mirrors, light absorption, dirt on mirrors, imperfection of mirrors and 

spillage of light. The ratio of the average power reaching the solar cell surface to the direct 

sunlight incident power density is called the optical concentration ratio, which takes into 

account the optical losses mentioned above. At first sight, it seems obvious that, if the 

concentration ratio increases, the solar cell array will represent a smaller part of the whole 

system cost. In terms of cost per unit power ($/Watt), the overall cost of the concentrator 

PV system should also decrease as the concentration ratio increases, providing that the 

solar cell efficiency and the optical system efficiency do not decrease, and that the cost of 

the cooling system or the tracking system do not increase. Practically speaking, the 

efficiency of every solar cell peaks at a particular intensity or concentration ratio (Cmax). 

From an economical point of view, the cost per power ratio of a concentrator PV system 
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will reach the lowest point at a concentration ratio (Copt) a little greater than Cmax· The 

optimum concentration ratio Copt is very difficult to determine a priori and, in real 

situations, the concentration ratio is often limited by the practical design of the thermal 

management and the reliability of the system. 

Another interesting aspect of any concentrator PV system is that, because the solar cell 

array represents a small portion of the overall system cost (10% to 20% ), but the solar cell, 

being the "engine" of the PV system, has great potential to reduce the cost of the produced 

electrical energy and increases as the concentration ratio increases. Thus a high 

concentration (if it can be achieved) is a strong lever for cost reduction. 

In the next chapter (Chapter 4), we will study the theoretical ideal efficiencies or efficiency 

limits of solar cells, select the best solar cell for the concentrator system, established the 

required specifications of solar cells for a high-concentration PV system and study their 

electrical characteristics. We will also present the performance and reliability results of the 

solar cell array: an efficient multi-junction ill-V solar cell array. 

Figure 3-15: 3.3kW Prototype Dish with CPV Receiver 'On Sun' 
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Figure 3-16: 'Whitecliffs' 3.7kW production dish receiver. This is the 'production' version of the 

prototype shown in Figure 3-14 
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CHAPTER4. SOLAR CELLS SUITABLE FOR HIGH 

CONCENTRATION - THEORY & PRACTICE 

4.1 Theory of Operation of Solar Cells 

Chapter 4 

Solar cells are made by a p-n junction (diode) in a semiconductor material characterized by 

a valence band, of which almost all the energy states are filled with electrons, a conduction 

band, of which almost all the energy states are unoccupied, and by a forbidden band 

separating the valence and conduction bands, called bandgap. If the energy of the photons 

(hv, where his the Planck constant and v the frequency of light) is greater than the energy 

necessary to cross the bandgap (Eg), the photons will be absorbed by the semiconductor 

material, each photon generating one electron-hole pair. The excess energy of the photon, 

i.e. the difference between the energy of the photon and the bandgap, is converted into 

phonon energy, which causes the crystal lattice to heat. 

The generated electrons and holes are separated by diffusion and finally by the internal 

electric field created by the p-n junction, the electrons flowing toward the n-type region and 

the holes flowing toward the p-type region. The current of electrons and holes is 

proportional to the intensity of light. At 500X concentration, the electrical current 

generated by the solar cell is 500 times greater than at one sun. 

One can say that the solar cell is practically a current source. However, because it is also a 

p-n junction diode, as the voltage increases, the diode will divert part of the generated 

current in opposite direction. The diode current increases exponentially with the voltage. In 

its most simple form, the electrical model of a solar cell is a current source Iph in parallel 

with a diode, with two resistances representing the series resistance Rs, due to electrical 

contacts and internal resistivity, and the shunt resistance Rsh, due to current leakage across 

the diode (see Figure 4-1). 
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Rs I 

lo 1 lsH + 

v 

Figure 4-1: Electrical Model of a Solar Cell 

The photogenerated current Iph is proportional to the incident power density Pi and the area 

of the cell Ac, the ratio of these being called "Responsivity" R. 

The diode current Io is given by: 

Io= Io. (exp (q Vo/ nkT) - 1) = Io. (exp (q (V +Rs. I)/ nkT) - 1) 

where Io is the saturation current of the diode, representing all the carrier recombination 

mechanisms inside the device, V 0 is the voltage across the diode, T is the absolute 

temperature, k is the Boltzmann constant, n is the diode ideality factor, V and I are the solar 

cell voltage and current respectively and q the charge of the electron. 

Therefore, the current-voltage equation of the solar cell is given by: 

I = Iph - I0 • (exp ( q (V + Rs . I) I nkT) - 1) - (V + Rs . I) I Rsh 

At sort-circuit condition, it becomes: 

Isc = Iph - lo . (exp ( q . Rs . Isc) I nkT) - 1) - ( Rs . Isc) I Rsh :::::: Iph 

and is almost proportional to the light intensity. 
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At open-circuit condition, it becomes: 

Voe= nkT/q. ln ((Iph - V0cfRsh) I lo +1) ~ nkT/q. ln (Iph I I0 ) 

and is approximately proportional to the logarithm of the light intensity. 

The generated power is the product of voltage and current. The generated power is zero at 

both short-circuit and open-circuit conditions and is maximum somewhere between Ise and 

Voe· The maximum power point is located on the I-V curve of the solar cell at a voltage V mp 

and current Imp: 

P mp = Imp . V mp 

The exact determination of Pmp. Imp and V mp depends strongly on the light intensity and the 

solar cell parameters, such as Io, R8, Rsh. and temperature. As a first approximation, for 

solar cells with a high efficiency, low series resistance and high shunt resistance, Imp is 

about 90% to 95% of the short-circuit current Ise. and (Voe - V mp) is almost constant and 

equal to: 

(Voe - Vmp) nkt/q. ln (10 to 20) ~ O. l 78V to 0.232V 

In the particular case of a triple junction solar cell, the ideality factor n is approximately 1 

for each cell. 

Another way to express efficiency as a function of Ise and Voe is: 

P mp = Ise . Voe . FF 

where FF is called "fill factor", representing the squareness of the cell I-V curve: 

FF = Imp . V mp I Clse . Voe) 

The solar cell efficiency is given by: 
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Because Isc and Imp are essentially proportional to the incident power density Pi, whereas 

V 0c, V mp and FF are essentially proportional to the logarithm of Pi, it results that the 

efficiency Tl also increases as the logarithm of the incident power density Pi. Therefore, the 

theoretical efficiency of a concentrator solar cell increases with the concentration ratio. 

This is true until the power loss due to the series resistance Rs becomes significant, causing 

a decrease in fill factor FF and a decrease in efficiency. 

In a simplified form, the efficiency of a solar cell can be expressed as a function of the 

incident power density. Assuming that the shunt resistance is infinite, it can be 

approximately calculated by using the following equ~tion: 

Tl = R . V oc . FF ;::::; R . V oc . FF o . (1 - 1.1 Rs . Isc I V oc) 

where R is the responsivity of the cell and FF0 is the fill factor calculated with very low 

series resistance. 

It is essential that solar cells designed for high concentration ratio have very low series 

resistance. In practice, a solar cell designed for one-sun operation (with a series resistance 

of, say, 1.0 Ocm2
) will not see its efficiency increase with the concentration ratio because 

its series resistance is large and the I2Rs loss dominates. While designing a cell for CPV 

application, one of the most important parameters to optimise is the series resistance. A fill 

factor of around 85%+ at 50W/cm2 may be achieved with a series resistance, Rs of around 

0.02 Ocm2
. 

4.2 Maximum Theoretical Efficiency of Solar Cells 
The theoretical maximum efficiency of solar cells is a function of the following variables: 

Ts is the temperature of the external surface of the sun (Ts - 5800 K), 

Tc is the temperature of the cell, 

Ta is the ambient surrounding the cell, 

Following the second law of thermodynamics, the efficiency of an ideal heat engine 

(Carnot cycle) is: 
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If Ta is 300 Kand Ts 5800 K, the maximum efficiency of any thermodynamical system, 

including solar cells, would be 95%. 

Alternative derivations of the maximum efficiency have been presented by the following: 

Curzon-Ahlbom (1975): 

Henry (1980): 

Landsberg (1998) 

and the photo-thermal efficiency of Miiser ( 1957): 

where the cell temperature Tc is calculated by: 

5 4 4 0 4 Tc - 3 Ta Tc - Ta Ts = 

Under the same conditions (Ta - 300 Kand Ts - 6000 K), the ideal efficiencies or 

efficiency limits are: 

llc = 95% 

11H - 11L = 93.3% 

11PTM = 85% 

11CA = 77.6% 
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The ideal efficiency formula presented by Henry is an approximation of Landsberg and is 

valid for ambient temperatures lower than 0.4 Ts, as shown on Figure 4-2. 
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0 0.2 

Ideal Efficiencies of Solar Cells 

0.4 0.6 

TafTs 

- Carnot 

- Curzon-Ahlborn 

Henry 

- Landsberg 

0.8 1 1.2 

Figure 4-2: Theoretical ideal efficiencies as a function of the ambient to source temperature ratio. 

The above formulae represent the predicted performance of ideal systems. In order to 

consider likely maximum performance, the bandgap of the semiconductor Eg needs to be 

taken into account to bridge the gap between thermodynamics that deals with macroscopic 

system and detailed mechanisms encapsulated by solid-state physics. Shockley and 

Queisser ( 1961) presented a detailed balance of the efficiency limit for p-n junction solar 

cells. 

-

Maximum Particular situation Calculated or 
Efficiency proposed by 
30% Limit efficiency for a single-junction solar cell at 1 sun. Shockley and Queisser 

Detailed balance. (1961) 
31% Single-junction solar cell at 1 sun. Ideal case Henry ( 1980) 
37% Ideal single-junction solar cell at 1000 suns Henry ( 1980) 

concentration 
43% Single-junction solar cell at 1 sun if multiple electron- Werner et al (1994). 

hole pairs can be created by one photon 
50% Ideal dual-junction solar cell at 1000 suns Henry (1980) 
56% Ideal triple-junction solar cell at 1000 suns Henry ( 1980) 
72% Ideal 36-junction solar cell at 1000 suns Henry ( 1980) 
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86.8% Infinite number of junctions at maximum concentration J Landsberg (1998) 
ratio ( 46,300 X) , 

Table 4-1: Maximum efficiency prediction for a range of cell configurations. 

4.3 Current World Record Efficiencies 

The currently best reported efficiencies are recorded in 'Progress in Photovoltaics' (Green, 

2009): 

Efficiency Solar Cell Type 
Author, 
Laboratory 
or Company 

24.7% Single-junction crystalline Si solar cell at 1 Zhao, UNSW 
sun I 

25.1% Single-junction GaAs solar cell at 1 sun Kopin 
27.6% Single-junction crystalline Si solar cell at 92 Slade, 

suns Amo nix 
28.3% Single-junction crystalline Si solar cell at Swanson, 

100 suns Stanford 
(1998) 

32.0% Triple-junction GalnP/GainAs/Ge solar cell King, 
at 1 sun Spectrolab 

(2005) 
41.1% Triple-junction GalnP/GalnAs/Ge solar cell Bett, 

at 200 suns Fraunhofer 
ISE 

Table 4-2: World Record Solar Cell Efficiency for different types of cells. Spectrolab have recently 

announced 41.6% for a multijunction concentrator cell. 

4.4 Simulation of 3SkW Multi-Junction Receiver 

4.4.1 Spectral Response and Quantum Efficiency of Triple-Junction Solar Cells 

A multijunction solar cell was developed to increase the efficiency by capturing more of 

the solar spectrum. Figure 4-3 shows the concept of the cell stack and the spectral response. 

The Spectral Response SR of a solar cell is expressed in A/W and is the ratio of the 

photocurrent of a solar cell and the incident power of the light. It typically vanishes when 

the energy of the photons is smaller than the bandgap of the semiconductor material or 

when the wavelength of the light is greater than the maximum wavelength that the 

semiconductor can absorb. 
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The theoretical Spectral Response (SR) of a solar cell is given by: 

SR= qA/hc 

where q is the electron charge (1.602 e-19 Cb), A is the wavelength of the light, his the 

Planck constant (6.626 e-34 J.sec) and c the speed of light (2.998 e8 m/sec). The above 

equation corresponds to the assumption that every photon absorbed by the semiconductor 

will give one (and only one) electron-hole pair. 

The External Quantum Efficiency (EQE) is the real (or measured) spectral response of a 

solar cell (or ratio of the photo-generated current and the incident power) divided by the 

theoretical spectral response (q'A/hc). The External Quantum Efficiency is typically smaller 

than 1 and goes to zero for photon energies smaller than the bandgap Eg. of the 

semiconductor material (long wavelengths). It also vanishes for short wavelengths if the 

light is filtered by a layer of material deposited on top of the cell. For example, the top cell 

filters the light for the middle cell and, the anti-reflection coating and window layer filter 

the light for the top cell (See Figure 4.4). 
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Figure 4-3: Multijunction cell concept 
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1.4 

Figure 4-4: Measured external quantum efficiency (EQE) of the two top junction of a triple-junction 

solar cell from Spectrolab Inc. The top (GalnP) cell has a band edge of 671 nm, which requires a 

photon energy of 1.8 eV, and the middle (GaAs) cell has a band edge 880 nm and requires a photon 

energy of 1.41 eV. 

The External Quantum Efficiency of the germanium solar cell is not represented on the 

graph. The germanium cell (Eg = 0.67 e V) response extends up to about 1.85 micron and is 

not the limiting photocurrent of the triple-junction solar cell. 

The spectral response of each junction is given by: 

SR(A.) = EQE(A.) . qA./hc 

4.4.2 Direct Solar Spectrum 

In order to simulate the performance of the multijunction PV receiver, the direct solar 

spectrum was simulated using the irradiance model developed by Bird (1984). The model is 

programmed into an Excel spreadsheet that is available from the NREL website. It 

simulates the direct and diffuse solar spectrum based on several input parameters, the most 

important being the day, time, latitude, longitude, pressure (or altitude), and the 

atmospheric parameters such as ozone concentration, aerosol (index of turbidity) and 
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precipitable water optical depth. Figure 4-5 shows a partial view of the spreadsheet 

developed by Myers (2000) at NREL. Only the direct part of the solar spectrum is 

considered in the case of concentrator PV systems since they cannot concentrate diffuse 

light. 
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Figure 4-5: Partial view of the Excel spreadsheet developed by NREL providing the direct and 

diffuse solar spectrum calculated for a cloudless atmosphere following Bird's (1984) model. 

The total incident power density is given by: 

where Hsd(A) is the direct solar spectrum given by Bird's model. 

4.4.3 Calculation of the Photo-Generated Current 

Using, the direct solar spectrum given by Bird's (1984) model and the measured quantum 

efficiency of the two top junctions of the triple junction solar cell of Spectrolab, the photo

generated current of each junction Iphi of the triple-junction solar cell is then individually 

determined by: 
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Where SRi(A) is the measured spectral response of each individual junction, Ac is the total 

solar cell area and Hsd(A) is the direct solar spectrum. 

Because all three junctions of a monolithic triple-junction solar cell are series connected, 

the photo-generated current of the stack is the minimum photo-generated current of all 

three junctions. 

lph = minimum (lphI, lph2, lph3) 

In the particular case of the GalnP/GalnAs/Ge triple-junction, the germanium junction is 

far from being the limiting junction. Therefore, only the current of the two top junctions 

need to be calculated. Usually, for terrestrial application the GalnP top junction is the 

limiting one. 

The responsivity of the solar cell is given by: 

It is typically 0.13 to 0.14 A/W for a high-efficiency triple-junction GalnP/GalnAs/Ge solar 

cell illuminated with a direct solar spectrum of AMI.SD (ASTM G 173-03). For 

comparison, a typical responsivity of a high-efficiency silicon solar cell is around 0.39 

A/W. Of course, the triple-junction cell provides a much greater voltage ( -3 .15 V at open

circuit condition) than the silicon solar cell (-0.83 V) at 500 suns. 

Bird's (1984) model can generate the direct solar spectrum at any location and at any time 

of the year. The integration of the product of the solar spectrum with the measured spectral 

response of the two top junction of the solar cell allows calculating the photo-generated 

current of the multi-junction solar cell to be accelerated at any moment of the year. 

The daily Energy Production Rate (EPR) is defined as the total energy production by a 

CPV system, expressed in kWh divided by the unit of solar direct normal energy received 

during the same period, expressed in kWh/m2
. The EPR can be calculated using the method 

explained above. The simulated EPR for Solar Systems commercial 35kW dish system as a 
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function of the date over one year is presented in Figure 4-6, along with the peak DC power 

output at noon and the DC power at noon, normalized to a DNI of lkW/m2
. 

Interestingly EPR, which is expressed in unit of kWh/kWh/m2 or simply m2
, also represents 

the equivalent projected area of a solar conversion system with 100% efficiency. As a 

consequence, the ratio of EPR and the actual projected area of the CPV system is the 

energy efficiency of the CPV system. 

Figure 4-7 represents the calculated daily energy production for the same CPV dish for 12 

different days of the year, without clouds. 
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Figure 4-6: Simulated daily energy production for Solar Systems commercial 35 .0 kW CPV dish, as 

well as peak DC power output at noon (real and normalized to a DNI of 1.00 kW!m\ for 12 

particular dates of the year, without clouds. In relation to the 'Daily Energy rate' : this has a unit of 

m2 and represents the number of square meters of collector required to deliver the charted amount of 

power at 100% efficiency. Coincidentally, the magnitude of this parameter is also equivalent to the 

average power output when the incident flux is 1000 W/m2
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Figure 4-7: Simulated daily energy production of Solar Systems commercial 35 kW CPV dish unit 

for 12 days in a year without clouds. 

4.4.4 Effect of non-uniformity of light 

The simulation of power output of a dense array receiver like the one presented above 

assumes an ideal situation of perfect uniformity of light. This is of course not always 

possible. In general, almost perfect uniformity can be achieved, but this comes with a 

penalty in optical efficiency and cost. Therefore, in the design process of a CPV system, 

there is a trade-off between uniformity and optical efficiency. 

In a PV system where many solar cells are interconnected in series, the non-uniformity of 

illumination is responsible for a significant power loss. This comes from the fact that solar 

cells are essentially current sources, as described above. The maximum current in a string 

of current sources is the current of the weakest source. In other words, if one cell in the 

series-interconnected string of cells is less illuminated than the others, it is equivalent to all 

of the cells being poorly illuminated, resulting in a significant power loss much greater than 

just the lack of light over one cell. 
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There is another issue associated with light non-uniformity, which is more related to 

reliability. In a series string, if one cell is in the dark or poorly illuminated, the other cells 

will have to run at high voltage, close to V oc· If the voltage applied to the module is low or 

close to Isc condition, there is a significant risk that the cell with weaker illumination will be 

reverse biased. Not only is there a risk of destruction of that particular cell by damaging 

reverse breakdown, but also the low-illuminated cell will absorb a significant amount of 

power (generated by all the other cells) and become very hot. Multij unction III-V 

compound solar cells are very fragile and particularly sensitive to reverse bias. They cannot 

sustain large reverse bias (>5V) or large reverse current without irreversible damage. 

A typical solution to this kind of problem is to connect a bypass diode across the number of 

cells capable of producing a voltage corresponding to the maximum reverse bias voltage of 

any cell. For a silicon PV module, this is typically 12 cells or about 8V. For a module made 

of multijunction ill-V cells, the cells are so fragile that each one of them must be protected 

by a bypass diode. The bypass diode prevents a reverse voltage greater than 1 V being 

applied to the solar cell. It also allows the larger current generated by the other cells to flow 

through the series string. 

In the particular case of the 35kW CPV dish, there are 24 cells in series in a module and 64 

modules with sub arrays of either 8 or 16 modules in series in a receiver. Each cell within a 

module is protected by a bypass diode. An additional protection is provided by connecting 

in parallel several modules to form a sub-array. The location of the modules within a sub

array and the way a receiver is partitioned into sub-arrays is optimized taking into account 

the symmetry in light distribution within the receiver area. Each sub-array is also protected 

by a by-pass diode. Finally, in order to prevent current from flowing from one group of 

modules to another module connected in parallel, each module is also protected by a 

blocking diode. 

4.4.5 Sensitivity to Atmospheric Parameters 

At this point, it is very important to note that, even if the theoretical efficiency of a 

multijunction solar cell increases with the number of junctions, at the same time the 

sensitivity of the efficiency to changes in solar spectrum also increases. For example, a 

single-junction solar cell, such as a silicon solar cell, absorbs a large portion of the solar 

spectrum. Small changes in the solar spectrum due to change in Air Mass (AM) or Aerosol 
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Optical Depth (AOD) or precipitable Water Optical Thickness (WOT) do not have a great 

influence on the responsivity of a single-junction solar cell. In fact the responsivity of a 

silicon solar cell increases with the Air Mass index. Unlike single-junction solar cells, 

multijunction solar cells have several junctions that are monolithically series connected, 

each of them absorbing a different small part of the solar spectrum, and that are optimised 

in bandgap and thickness for one specific solar spectrum, usually the standard ASTM 

G 173D with an AM index of 1.5. As seen previously, the optimisation of a multijunction 

solar cell consists in balancing the photogenerated current of each individual junction in 

such way that their theoretical photogenerated currents are equal for the nominal solar 

spectrum (AMI.SD). When the solar spectrum is different from that the nominal spectrum, 

the responsivity of the cell decreases. For example, for a GalnP/GalnAs/Ge triple-junction 

cell, the top GalnP junction would become limiting if the Air Mass index increased from 

the nominal 1.5 value, whereas the middle GalnAs junction would become limiting if the 

Air Mass index decreases below 1.5. 

The following graphs (see Figures 4-8 to 4-13) show the sensitivity of the cell responsivity 

to atmospheric parameters such as Air Mass, Aerosol Optical Depth (AOD), precipitable 

Water Optical Thickness (WOT) and ozone. In particular the impact of WOT on the MJ 

cell responsivity deserves a short explanation because it is counter-intuitive. The presence 

of water in the atmosphere results in optical absorption of the sunlight in wavelength bands 

located in the Infra-Red region of the spectrum, centred on the following wavelengths: 

937nm, 1120nm, 1400nm and 1880nm (see Figure 4-12). These absorption bands are all 

located in the portion of the spectrum that is absorbed by the germanium sub-cell. In other 

words, if the water in the atmosphere increases, the absorption bands will be deeper. It will 

result in a lower broadband incident power density and a lower photogenerated current for 

the germanium sub-cell. The other sub-cells will be not affected. Since the germanium sub

cell is already generating excess current compared to the other two sub-cells, the total 

current of the multijunction cell is actually not affected. This results in a greater 

responsivity because of a greater ratio of current to incident power. Inversely, if WOT 

decreases, the incident power density increases but the MJ cell current does not change, 

resulting in a lower responsivity as shown on Figure 4-12. 
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Sensitivity to Air Mass 
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Figure 4-8: Sensitivity of responsivity of a GainP/GainAs/Ge triple-junction solar cell to Air Mass 

(Calculated result) 

Cell Responsivity vs Air Mass (low AOD 0.085) 

0.140 _..,,,.....,..._ ________________ ___, -+-A-type 

-- B-type 
0.130 +-----~----------------1 C-type 

~ 0.120 -.~:::-=-~----=~------------l --- D-type 

<( --- E-type 
- 0.110 +----~~~------------------! 
~ -+- F-type 
> ·;; 0.100 -+- Task2cells r-------. 
c: 
0 c. 0.090 +-----------~~~=-""~--~,------------I 

"' Q) 

c: 0.080 +-----------------"'~~~~~--=--;:----------l 

0.050 -l---~--,-----,-----r-----ir-----.-----r-----r------r------1 

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 1 0.00 11 .00 

Air Mass (low AOD 0.085) 

Figure 4-9: Simulated responsivity vs. Air Mass for different triple-junction solar cells. The different types 

represent a range of epitaxial growths, grid deposition methods and designs. 
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Hermannsburg - 2W - 31 May 2008 
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Figure 4-10: Measured DC power output of commercial 35kW dish versus Air Mass at 

Hermannsburg, Northern Territory, Australia. 
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4.4.6 Reliability of Multijunction Receiver 

The receiver reliability has a major influence on the system reliability with the 'model' 

being the main 'active' components. Chapter 7 examines the reliability assessment and 

measurement. 

4.4.7 Future High-Performance Receivers 

Looking forward to the development of very high efficiency solar cells, a larger number of 

junctions will have to be considered. The following graphs show the different possibilities 

of multijunction solar cells, with increasing number of junctions, assuming that each 

compound III-V semiconductor material would be grown on and lattice-matched to a 

germanium substrate (see Figures 4-14 to 4-18). Following the current GalnP/GaAs/Ge 

triple-junction solar cell, the possible future multijunction cells are: 

4-Junctions: 1.85eV GainP I 1.41eV GaAs I 1.0eV GalnNAs I 0.67eV Ge with 

a potential efficiency of about 42% in production 

5-Junctions: 2.0eV AlGainP I 1.8eV GainP I 1.6eV AlGainAs I 1.41eV GainAs 

I 1.leV GalnNAs I 0.67eV Ge with a potential efficiency of about 43% m 

production 

From early simulations, it seems that five junctions would be the maximum number of 

junctions acceptable for terrestrial CPV applications. If the number of junctions is increased 

above five the efficiency of the solar cell may increase but the annual production of energy 

may not. Multijunction cells with more than 5 junctions, the sensitivity to atmospheric 

parameters (AM, AOD, WOT) may be so great that the efficiency would decrease quickly 

for any solar spectrum departing from the standard AMI.SD. 
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Direct Solar Spectrum lrradiance - AM1 .50, ASTM G173-03 
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Figure 4-14: Direct solar spectrum (ASTM G 1730) with AMl.5 

The following figures 4-15 to 4-18 show the spectral partition for 1, 2, 3, 4 and 5 junction 

stacks. 

Solar Spectrum Partition for 1-Junction Terrestrial Solar Cell 
based on Direct Solar Spectrum AM1 .50 
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Figure 4-15: A single junction solar cell made of silicon is almost ideal with a bandgap of 1.1 eV 

and absorbing all the photons up to 1129 nm. 
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Solar Spectrum Partition for 3-Junction Terrestrial Solar Cell 
based on Direct Solar Spectrum AM1 .SD 
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Figure 4-16: Solar spectrum partition for the current GalnP/GaAs/Ge triple junction solar cell. 

Solar Spectrum Partition for 4-Junction Terrestrial Solar Cell 
based on Direct Solar Spectrum AM1 .SD 
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Figure 4-17: Possible partition of the solar spectrum for a GalnP/GaAs/GalnNAs/Ge quadruple

junction solar cell 
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Solar Spectrum Partition for 6-Junction Terrestrial Solar Cell 
based on Direct Solar Spectrum AM1 .50 
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Figure 4-18: Possible partition of the solar spectrum for a 

AlGalnP/GainP/AlGalnAs/GalnAs/GainNAs/Ge 5-junction solar cell 
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Between the efficiency of champion laboratory cells and the real average efficiency of 

production solar cells for dense array application there is usually a difference of about 10% 

relative (or about 4% absolute) due to: 

• Efficiency distribution in large volume production; 

• Larger cells than world record cell (impact on series resistance and shading); 

• Dense array cells can have only one busbar (impact on series resistance); 

• "Total area" efficiency is considered for dense array cells instead of "dedicated 

area" efficiency for world record cells; and 

• World record efficiency is measured at peak-efficiency incident power density, 

nominal power density for real cells is about 2 to 3 times greater. 
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Although the maximum world record efficiency for a triple-junction GalnP/GaAs/Ge solar 

cell is 41.1 % at about 20W /cm2
, the efficiency of assembled dense array modules in 

production is about 37% at 50W/cm2 as shown in Figure 4-19. 
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Figure 4-19: Efficiency of 36 cm2 dense array modules with triple-junction solar cells versus incident 

power density for the two latest generations of modules, demonstrating an efficiency of 37% at 

SOW/cm2
. 

The natural efficiency increases with concentration and is shown more clearly in Figure 4-

20 where the efficiency increases with the product of current and voltage. The current 

increases linearly with intensity and the voltage increases with the log of intensity. The 

voltage follows the form: 

Yoe= a In C + b 

and the current follows: 

Isc = aC 

where C= concentration ratio and a, b and a are constants. 

The efficiency 'falls off at about 250 suns as the series resistance becomes a more 

significant loss than the gain in voltage at high intensity. 
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Figure 4-20: Efficiency Versus Concentration. This graph shows the gain tn efficiency with 

concentration (and V0c increases) until series resistance 'swamps' the voltage increase. 

4.5 Temperature Coefficients 
The temperature coefficient of dense array modules containing the GalnP/GaAs/Ge triple-

junction solar cells was measured both at the US National Renewable Laboratories (NREL) 

using a continuous concentrated beam up to 600kW/m2 and in the laboratory using a flash 

illumination system. In the first case, keeping the intensity constant, the cooling flow rate 

of water was progressively reduced and the open-circuit voltage of the module was 

measured as a function of the cell temperature. In the second case, the modules were first 

placed in an oven at 60°C, then the performance of the module (current, voltage , power 

and efficiency) was measured at 50W/cm2 as the module slowly cools down to room 

temperature. In a second phase, the module was placed in a fridge at 5°C, then the 

performance of the module was measured while the module slowly warmed up to room 

temperature. In both cases, the relative temperature coefficient for efficiency was found to 

be -O. l 7%!°C. 
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4.6 Cell Types 
Efficiency @ 

Cell Type Configuration 100 ~ 500 Strong Points Weak Points 
Suns 

Silicon Single planar junction 18 - 25% Relatively simple Front contacts 
Front/Back with one electrical construction complicate close 
contact contact on front and one Common substrate packing for high 

on back material concentration 
Lowest cost 

Silicon back Multiple "point" contact 20 - 28% No front contacts More expensive 
contact junctions (practical limit High efficiency than front/back 

Solderable back contacts up to 30%) contact version 
GaAs Single planar junction 22 - 28% High efficiency More expensive 
Front/back One contact on front, High Voltage than all of the 
contact one on back V0c = 1.lOvoltsper above. 

cell 
GalnP /GaAs/Ge 3 monolithic series- 30.0-40% Highest efficiency Most expensive 
Triple front/back connected junctions with High Voltage 
contact different band gaps 3.15 V/cell 

2 contacts - 1 front, 1 
back 

Table 4-3: Possible candidates for 'dense array' CPV (pre 2004) 

The back contact silicon cells were chosen as the most "accessible" and best first entry 

candidate. The efficiency is reasonable (almost twice the average commercial flat plate 

cell), the back contact connection simplifies connection in a close packed configuration. 

The researcher developed a concept for a 'back contact' multijunction cell which was 

subsequently developed by Spectrolab and used for all work post 2004. Figure 4-21 shows 

the high Quantum Efficiency of a typical triple junction CPV cell that was used in these 

developments. 
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Figure 4-21: Quantum efficiency of a typical triple junction CPV cell used by the researcher 
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4. 7 Future projections for cell efficiency 

Figure 4-22 shows the expected concentrator cell efficiency improvements and includes 

best 'hero' cell and also shows the year that the average production efficiency will 

match.that hero performance. 

SPECTROLAB 

Efficiency Roadmap 

... ~ 17.B -- .tO% .... 
1.11 1.11 .. 1.7-&1 TIO 4.1 

3J l....,._m>ti:hod IL.Ml 9J l>doa.INlchod 'LMI 3J lottU.m>ti:hoct 1w; 3J -mo!phic: iMMI col 4J lot!D.m>ti:hod col 

1ID 

s.o.Jbnic: .. mallhodcdl 
Moilmor;:ti<: IMM' cob Epi Technology ooll ooll °"' 3J Lllli: .. mm:hod \tM col t.biuno,P,ico<lls 
Muti.tarmi~ call design 

Erfta•nq l'nPRM!menl (absolute) 

Gi»i Slrudure 
contads 1n1>1wement 1 
contacts ll!llratement 2 
P.l!<luoe ReEISlanOll 

contadS ll!llrat ement 3 
Aelh'e Area lmpa..ement 1 

AdlVeArea 1~ement2 

0.60'4 

·same area aasl.f11pUOn as coo l)P9 09!15 for amctency caJCIJa11on; rumllErS are prelmlnlll)' 

World Record Cell Efficiency 
~ Spectrol•b 

1.2'4 
0.3 '4 
0.2'4 
0.4 '4 
0.3 '4 

1% 

0""'!'1_,_ 
-AR""""v~"" 

-.J.L•aapl,,._"'1_.,_<1¥ 
-GoAllml~ 

-Tt-t-""*'9 

Spectrolab has established technical approaches to achieve 
efficiency goals 

Spectrolab Proprietary 

Figure 4-22: Cell efficiency projections by Spectrolab (2009) 
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CHAPTERS. 130m2 DISH CPV SYSTEM 

The 130m2 dish design was developed with the following commercial targets: 

Highest power output in standard conditions 

Highest average output with in all conditions 

Designed for manufacture and deployment 

Low operation and maintenance 

Chapter 5 

In order to get a feel for the look and relative scale of the components a l/50th scale model 

was built by the researcher (see Figure 5-1). 

Figure 5-1: 1/50 Scale model of the production 130m2 CPV dish 

The scale of the full size dish was chosen based on the following requirements: 

For utility scale, the requirement was at least tens of kW per unit. 

It was big enough to minimise the number of connection points for power and cooling and 

to generate a reasonable voltage (250V DC). 

The mass should be small enough to be lifted by a widely available 45 ton crane. 
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The aesthetics of the dish were also considered since appearance is an important aspect of 

being environmentally acceptable. The main features and architecture of the dish are shown 

in Figure 5-2, 5-3 and 5-4. 

incident 
solar ~ 

The patented special high performance converter 
(1) converter manufactured by Solar System is about 1 % of the total 

physical system . It can be upgraded to a new 
generation in 1 hour. 

' 
' 

Figure 5-2: Schematic of 130m2 CPV dish designed, constructed and tested by the researcher 

Figure 5-3: Main Components of the CS500, 130m2 CPV dish 
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Figure 5-4: Photograph of the researcher with a CS500 dish concentrator PV system 

5.1 Primary Optics 

Chapter 5 

The primary optics consists of 112 spherically shaped mirror panels fitted to a paraboloid 

surface with a focal length of approximately 8 metres. The mirror panels have an individual 

focal length which is different to the overall paraboloid. The optimisation of the relative 

focal lengths is part of the art which was developed in this work 

5.2 Mirror Panels 
The mirror design, size and radius of curvature were chosen for maximum performance and 

minimum cost. From a performance perspective the following characteristics were targeted: 

Highest possible reflectivity with a spectrum that matches the need of multijunction cells, 

requiring thin (lmm) white (low iron) glass with high quality 1000mg/m2 silver coating 

(See Figure 5-5); 

An optimum focal length to give relative beam size at the receiver which has: 

o a high intercept resulting in an optical efficiency of approximately 85% 

(favouring a short focal length) 

o an even flux distribution over the receiver face favouring a long focal length 

o a high number of mirror facets to achieve statistically significant averaging 

at the receiver to give an even flux distribution 
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From a cost perspective, the following characteristics are desirable: 

Mirrors on thin glass superstrates (Imm) have low weight and high reflectivity; 

Sufficient number of facets so that the quality of each facet does not have to be high - 2mr 

(milliradians) slope error is acceptable; and 

All mirror facets should be the same so that: 

o Inventory is minimised 

o Assembly errors are eliminated (any mirror can fit anywhere) 

o Operation and maintenance is simple 

o Gear up for manufacturing is straightforward. 

As well as achieving all of the above requirements the mirror panel must be light weight 

and rigid to prevent slope change. The researcher invented a laminated sandwich of glass, 

high density polystyrene foam and steel to meet these requirements. It is described in detail 

in a patent by the researcher (Lasich, 2001, US7550054B2 and Figure 5-6) 

Reflectivity Spectrum 1mm Viridian V3 (NSG Glass) - SWR (%) = 96.2% 

1 00 ~---------------------------~ 

80 

I - lmm Viridian V3 (NSG glass) SWV = 96.2% I 
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Figure 5-5: Reflectivity spectrum for mirror glass used for the reflective concentrator mirror 
panel. Note the exceptionally high reflectivity between 350nm and 850 nm which is 
favourable for a multi-junction concentrator cell which is 'top cell limited'. Refer to Figure 4-
4 which shows the external quantum efficiency which must be matched by the mirror. 
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The mirror panel shown in Figure 5-6 illustrates a very rigid laminated structure consisting 

of high reflectivity, thin 'back mirrored' glass, ultra high density, expanded, polystyrene 

foam and a galvanised steel backing. 

Elastically Curved 
Spherical Glass 

Mirror 

Laminated 
Sandwich of 

Glass, Expanded 
Polymer, and 

Steel 

Figure 5-6: Schematics of the mirror panel developed by the researcher, featuring very high rigidity 

laminate of glass, polymer and steel. 

The selection of components is a significant issue with quality and consistency changing 

from different supplier and different batches. Figure 5-7 shows an example of this where 

mirror glass nominally manufactured to the same specifications has a significantly different 

reflectivity. It is interesting to note the difference between the two different brands of glass 

with essentially the same specification. The Viridian V3 having a solar weight reflectivity 

of 96.2% and the 'Guardian' NGC with 94.8%. 
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Reflectivity Spectrum 1 mm Viridian V3 (NSG Glass) - SWR (%) = 96.2% 
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Figure 5-7: The importance of selection of glass composition. There is a significant difference in the 

reflectivity spectrum for two different mirrors of the same thickness and nominally the same 

specification, but from two different suppliers. 

Quality Assurance 

In order to know the optical shape of the mirror for performance prediction using ray trace 

modeling, QA/QC and performance prediction, the researcher developed a 'laser mapper' 

(Lasich, 2001, AUS 2002244529B2) 

This machine scans 900 points on each mirror and produces an array of surface normals in 

a 'pan file' which can be statistically analysed for quality (slope error resulting in beam 

spread and symmetry assessment). This pan file is used in the ray trace model in Section 

5.8. The position of each mirror as positioned on the real dish and in the ray tracer is shown 

in Figure 5-8. 
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Figure 5-8: Map of mirror panel array on 130m2 dish concentrator. Ray traces for 

individual mirrors Al and A26 are used to illustrate the difference in image size and shape 

and also the difference between 'model' mirror panels with random Gaussian error of 2mr 

and 'real mapped' mirrors with a similar error. 

Figures 5-9a to 5-9c show a series of simulated dish images for a dish consisting of 112 

mirrors (at focal plane) which illustrates the changes in image with the progressive addition 

of errors for slope error and pointing error . It can be seen that as some 'reality' is 

introduced the image becomes much more spread and 'peaky'. 

85 



Image from Entire Concentrator Dish at the Focal Plane 
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Figure 5-9a: Sun shape only, no errors. The image is at the 

focal plane and is the result of the parabolic reflector with 112 

'simulated ' mirror panels. 
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Figure 5-9c: 112 mirrors with sun shape slope error and 

pointing error. The image is at the focal plane and is the result 

of the parabolic reflector with 112 'simulated ' mirror panels. 
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Figure 5-9b: Sun shape with slope error. The image is at 

the focal plane and is the result of the parabolic reflector 

with 112 'simulated ' mirror panels. 

Figures 5-10, 5-lla and 5-llb show images for single central (position Al) mirrors. Figure 

5-10 is a 'simulated' image which uses a pill box sun shape and a Gaussian slope error 

showing a relatively flat (green) distribution. Figure 15-1 la shows a '3D'image of Figure 

5-11 b. Figure 5-11 b is derived from a scan of a 'real' production mirror panel and shows a 

generally similar but much 'rougher' image representing the real world effects of 
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manufacturing tolerances. An important part of the art is to model the optical situation with 

'bottom line' characteristics which is measured rather than assumed error distributions. 

E 

Image from a Central Reflector Panel al the Focal Plane 
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Figure 5-10: Simulated single panel with pill box sun shape and slope error indicating a 

relatively flat flux distribution. 

Figure 5-lla: Inner mirror intersects image. Position IA Note fact of receiver shading in right hand corner. 

Figure 5-llb: Single inner (lA) panel with sun shape and actual errors as mapped (lA) from a 

completed mirror. The shading of the receiver can be seen on the bottom right hand comer. 
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5.3 Dish Frame 

The dish frame was designed using state of the art CAD and FEA systems and methods to 

Standard Building Codes and correlated by wind tunnel tests at Monash University. 

Analysis of this area is beyond the scope of this thesis however it can be seen from Figure 

5-24 that the structure is sufficiently stiff for 10.0m/s winds to have a negligibly deleterious 

effect on output. The ripple is approximately 1 %. 

5.4 Receiver 
The receiver (see Figure 5-12) is positioned at the focus of the parabolic collector to receive 

concentrated typically up to 120kW of light at 500 suns and convert approximately 32% to 

DC power. 

Figure 5-12: Multijunction 35-kWp receiver containing 64 modules 

The receiver contains: 

secondary optics which are cooled reflective mirrors known as 'flux modifiers' 

64 PV modules each with 24 PV cells and integrated heat sink. 

manifolding to provide coolant power and monitoring connections to the 64 modules and 

flux modifiers. 

weatherproof housing to protect components 

is robust enough to stand high solar flux 

The researcher invented a CPV dense array receiver which incorporates all of these features 

(Lasich, 2001, US7076965B2) 
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5.4.1 Secondary Optics 

The secondary optics consist of a 4 sided 'kaleidoscope' of cooled high reflectivity (96%) 

mirrors. The design of the angles, length and position in relation to the focal point of the 

primary concentrator are key to delivery their function which is to: -

Assist in achieving a high overall bulk optical efficiency of 85%; 

Mix the concentrated light to assist in providing a uniform 'flux distribution' of light on the 

cell face; and 

Provide a shroud for weather protection for the PV cells. 

The design of the flux modifiers is developed using previous experience, intuition and 

iterative ray tracing in conjunction with the modelling of the primary optics described in 

Section 5.8. 

5.4.2 Cell Array and Modules 

The dense array CPV module must be designed to deal with a number of demanding 

requirements simultaneously when exposed to 500 suns. It must be capable of: 

• Removing unused energy from the solar cells at a rate sufficient to keep the cells 

cool for a maximum performance and a target of 20 years lifetime. It should be 

noted that the operational intensities encountered in this application can melt copper 

as shown in Figure 5-13 which shows a 6 mm thick copper plate which melted in 12 

seconds when placed near the focus of the l 30m2 dish. 

• Operating at high voltage. In order to transmit power efficiently a receiver output 

voltage of 250V + is required when dealing with 30kW +. The International 

Electrochemical Committee standard IEC 62108 requires the modules must 

maintain electrical isolation with a leakage current of smaller than 1 OmA at two 

times the operational voltage plus 1000 volts. This equates to 1500 volts. 

• Being hermetically sealed to stop the effects of weather. 

• Withstanding intense radiation of 500 suns for 20 years without significant 

degradation of the optical and cell elements. 
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• Withstanding 40,000 temperature cycles over 20 year lifetimes (This was estimated 

from one year of solar data that showed approximately 1500 events of solar flux 

changing from <250 W/m2 up to >800 W/m2
. This was rounded up to 2000 'cycles' 

per year to allow some margin.) 

• Withstand hydraulic pressure of the coolant. The researcher has invented, designed, 

built and tested a CPV dense array module (Lasich, 2001, US 7076965B2 and 2003, 

us 1661187). 

Figure 5-13: Hole melted in a 6mm thick cooled copper target plate after 12 seconds of exposure to the beam 

of the 130m2 dish. The tracks can be seen where the beam traversed 'on' and 'off' the plate. 
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The cell array of 1536 cells is made up of 64 modules arranged in a 8x8 array each with 24 

cells (see Figure 5-14). 

Figure 5-14: CPV Concentration Module with an array of 24 cells and power output of 660 W at 500X 

concentration under flash test at 21°C 

The modules are closely packed into a frame which supplies cooling water, power 

connections and data acquisition for temperature, voltage and current. The packing factor is 

97%, that is 97% of the receiver face is covered by PV cells (This 3% dead space is 

accounted for in the ray tracer). The average performance of the modules in Receiver No. 

61 is 35.7% and the average power was 643W at 500 suns and 21°C in practice at operating 

conditions of 400 to 500 suns and a cell temperature of 45°C with a less than perfect flux 

distribution. The receiver has an efficiency of approximately 32% and this means that about 

60% of the 1 OOk W + light power impinging on the cells must be removed (approximate! y 

12% is reflected from the cell face). See Appendix 3. It should be noted that another mode 

of power loss from the PV cells is 'radiative recombination'. This effect has not included 

since it is relatively small and difficult to measure. 
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5.4.3 Heat Sinks and Thermal Considerations 

A key to successful operation of CPV systems is the ability to extract the unused thermal 

power from the cells which if uncooled would normally elevate the cell temperatures to the 

point of destruction in a few seconds. Not only must the survival be considered but the 

negative temperature coefficient of power (established in Chapter 4.5, the relative 

temperature coefficient for efficiency was found to be -O. l 7%/°C) means that for every ten 

degrees rise in cell temperature the output power drops by 1.7% relative. The objective is to 

remove the excess thermal energy at a rate sufficient to keep the cells cool, typically below 

50°C while keeping the associated parasitic power to a minimum. The removal of heat at a 

power density of 50W/cm2 (500 suns) is quite a challenge when the solar cell must also be 

electrically isolated from the cooling sink. For the case illustrated by the 'screen shot' 

(Figure 5-29), light power impinging on the cell face is 102 kW the cell face reflectivity 

across the solar spectrum is 12% including the effect of the cover glass measured by the 

researcher at NREL. The cooling water flow rate through 64 modules totaled 149 L/min. 

The modules described in Figure 5-14 are mounted into a 'receiver' frame shown in 

Figures 5-15 and 5-16. This receiver provides manifolding for the coolant supplied to each 

module. 

For the case illustrated in the 'screen shot' (Figure 5-29), the thermal (P1h) power sunk by 

the module heat sinks totals 57 .2 kW calculated from the coolant flow rate and the 

temperature rise across the receiver. 

pth = 149
1/m x 5.4 x 4.281 = 57kW 

60 

Thus the power density (W/cm2) required to be sunk by the heat sinks during nominal 

operation with DNI (DSR) of 948W/m2 is 

Wct = 57000 = 25 W/cm2 
64 modulesx36.0cm2 

Under worst case conditions when the DNI is at its maximum, for example at 1050W/m2 

and no electrical power is being exported and the dish is clean, the power density to be 
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extracted is approximately double this at 50W/cm2
. While the design is optimised for the 

typical condition requiring approximately 25 to 30W/cm2 to be transferred the design must 

be able to cope with the worst case conditions. 

When considering the desired cell operation temperature, it is necessary to know the power 

density that will be required to be 'sunk' (in W/cm2
) and the ability of the sink to transfer 

the heat for a given temperature difference between the coolant and the cell, also known as 

the thermal conductance 'U' with units of W/cm2°C. This condition is described by the 

following equation 

Where: 

T cell = Average cell temperature (°C) 

Tin = Inlet coolant temperature (°C) - measured 

Wct =thermal power density (W/cm2
) to be transferred 

U = Thermal conductance (W /cm2 °C) determined for typical module in 

laboratory calibration over a range of coolant flow rates. 

It is interesting to note that the LiT between the coolant inlet 'water in' and the 'average cell 

temperature' is just 14°C for an incident radiation intensity of 424 suns (or 42.4 W/cm2
, see 

cell: 42.4 W/cm2 in Figure 5-29). In order to understand the system energy balance and 

thus determine the 'optical efficiency', it is useful to know how much power reaches the 

receiver, denoted as Pefm expressed as a percentage of the light which impinges on the 

primary concentrator. 

The optical efficiency 

And 

R _ Pefrn 
Opt - DNix130m2 

Pe +~h 
P efm = ____;__ __ 

1-r 
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Where: 

= 
32.8+57.2 

1-~ 
100 

= 102 kW 

Pe = electrical power (kW) 

Pth =thermal power (kW) 

P efm = power entering flux modifier 

(approximate power impinging on cell face) 

r =reflectivity of cell face= 12%. 

DNI =Direct Normal Irradiance = 0.948 kW/m2 

And thus the optical efficiency is 

Ropt = 102x100 = 82.7 % 
0.948x130 

Chapter 5 

The optical efficiency represents the ability of the mirrored collector to deliver the 

concentrated sunlight to the receiver. (Note, more recent 'in-house' reflectivity 

measurements of PV modules indicate the reflectivity is closer to 14% when considering 

the approach angle of the concentrated light. In this case the Ropt would be about 84.7%) 
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Figure 5-15: Schematic of CPV Receiver showing one (No.23) of 64 modules forming an array of 1536 cells. 
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7~ 

Figure 5-16: Assembly drawing of a typical CPV module developed by the applicant as described in Lasich 

2001 US 7076965B2 

96 



Chapter 5 

5.5 Monitoring 

A unique facet of this approach to CPV which has all the CPV cells in one small place 

means that a high level of monitoring can be achieved at a low cost. Figure 5-17, 5-18 and 

5-19, show 'screenshots' of the 'flight desk' style control and monitoring human machine 

interface (HMI) screens designed by the researcher and co-workers. Figure 5-17 shows 

detail of a single dish with explanatory notes. Figure 5-18 shows detail of a grouped 

cooling system when 10 dishes are cooled by a central cooling system. Figure 5-19 shows 

the AC power distribution including inverters, bussing and protection to the point of export 

to the grid. 
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5.6 Tracking System 

The physical arrangement of the tracking system is a modified altitude-azimuth (alt-az) 

configuration. The azimuth drive is tilted typically at latitude minus 12°C. This extends the 

range of application of the essential design. For example a normal alt-az tracker cannot 

work within the tropics since a very high (in theory, infinite) azimuth speed is required to 

stay aligned to the sun as it posses vertically overhead. (Lasich, 2004, US7589302). 

The following discussion focuses on the unique control system developed by the researcher 

to avoid the issues of: 

• Having inaccurate tracking typical of 'sun sensor' type systems which suffer from 

alignment issues, tracking 'false suns' caused by bright reflections from neighboring 

clouds. 

• High cost of precision mechanics required for accurate tracking. 

• Significant power (energy) loss during operation due to inaccurate tracking, causing 

'hunting'. 

To maximize the power output from the dish-receiver system (see Figure 5-20), it is 

necessary to consistently hold the electrical output at the maximum during all operating 

conditions. This places high demands on the accuracy of the tracking system. If this were to 

be achieved by using a precision mechanical tracking drive system similar to astronomical 

telescopes the cost would be prohibitively high for solar applications which still require 

significant cost reductions to become widely competitive. This has lead to consideration of 

tracking tolerance verses output loss and is characterized by the system 'acceptance angle' 

being the tracking error which allows for a loss of less than 5-10%. Typical acceptance 

angles range from 0.5° to 1° (Luque-Heredia et al 2009). 

The most economical design for a given system is that determined by optimizing the 

combined effects of tracking system cost, loss in energy output when the acceptance angle 

is exceeded and any additional costs to increase the system acceptance angle. 

The challenge here is to maintain full output over time and keep the cost to a minimum. 

While it is possible to increase the acceptance angle by, for example, increasing the cell 

area at the focus, this comes at a significant increase in system cost (and effectively reduces 

the concentration ratio which is one of the drivers for low cost). During the formulation of 
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the system design the researcher invented a tracking system (Lasich 2001, 

AUS2002242487) which can provide accurate tracking with low cost industrial drives and 

also requires no additional cost at the receiver to increase the acceptance angle. This system 

uses nominal sun position from an astronomical almanac and uses feed back from the PV 

receiver to 'trim' the positioning of the dish such that the concentrated solar beam is always 

precisely aligned on the PV receiver cell array. This is achieved by taking voltage, current 

and temperature readings (already collected by the monitoring system) and comparing 

those values which give a direct reading of where the solar beam is positioned on the PV 

array. Figure 5-21 shows the cell/module array in front of the receiver. For example, the 

voltages for the top row of modules are compared to the bottom row and the left column 

compared to the right column (see Figure 5-22). The difference is used to command the 

drive system to a new (better aligned) position. The new position is detected by the 

encoders and becomes the new reference position. The encoders and drive motors are in a 

separate feedback loop to maintain this position in the event of wind or other disturbance. 

Both axes are controlled in this manner. Consider the elevation control system shown in 

Figure 5-23. The motor controller loop consisting of amplifier (36), motor (38), encoder 

(40), position feedback connection (44) and summer (42) ensure that the difference 

between the actual dish/receiver position (output 44) and the relative direction to the sun is 

zero. Thus the elevation axis of the dish will follow the suns position as predicted by the 

computer (34) which runs the sun position algorithm. 

The elevation integrator ( 46) serves to make small adjustments to calculated solar positions 

to allow for the mechanical tolerance of the dish and any asymmetric behavior of the optics 

of the dish (14) or the receiver at (16) (Figure 5-20). 

The elevation integrator source is selected by means of an elevation integrator source 

selector 48. When the source is selected to be 'thermal' 50a, the difference between the top 

and the bottom flux modifier plate temperature sensor readings 52 and 54 respectively is 

integrated 46 over time and applied as an offset to the predicted sun position 34 by second 

elevation adder 58. This causes the dish to move until the integrated value approaches a 

'null', that is, the flux modifier plate temperatures are equalized. 

When the integrator source is selected to be 'Photovoltaic' (PV) 50b, the sum 60 (see 

Figure 5-23) of the receiver's voltage due to the top half photovoltaic cell array (28a in 

Figure 5-22) is compared to the sum 62 of the receiver' s voltage due to the bottom half of 
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the array (28b in Figure 5-22). The resultant voltage is integrated 64, and the dish is moved 

in elevation until the receiver's array generates a symmetric voltage. This implies that the 

power generated in the top half of the receiver 16 is the same as the power generated in the 

bottom half of the receiver 16. This balance gives the maximum power output. Figure 5-24 

shows the performance of the tracking system in real life conditions over one full day. 

12. 
10 

Figure 5-20: 130m2 collector dish (14) with individual mirror facets (12) and PV receiver (16) facing 

the mirror facets. 
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220.. 
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( 18 

l~ 

Figure 5-21: Photovoltaic concentration receiver showing the frame populated with an array of 64 modules 

each with 24 cells (1536 cell) and boardered by 4 flux modifiers (22 a, b, c, d) which form the secondary 

optics. 
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26 

~ '..,/" 26 
18 

Figure 5-22: Examples of PV module selections for 'PV' feedback tracking. The voltage is compared 

for top (28a) and bottom (28b) modules to command the elevation integrators . Comparison of the left 

and right modules commands the azimuth integrators. 
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Sun Position Prediction 34 38 

Flux Modification {I 52 ~ {~ 
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Figure 5-23: Flux modification temperature sensors 52, 54 measure the temperature of flux modifiers 

22a and 22b respectively (See Figure 5-14) 

Hermannsburg Dish 2W (18th Aug 2008) 
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Figure 5-24: Power output of 35kW0 csTc dish 2W Hermannsburg (green) is quite stable when compound to 

the DNI (Blue) even in significant winds (red) up to l 2m/s or 40km/h. This is evidence of the high tracking 

accuracy from the feedback loop. 
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The result is a relatively smooth power output profile over a day. See Figure 5-24 which 

shows stable output during windy conditions. The power ripple is approximately 1 % . 

It is possible to determine the tracking accuracy by considering the tracking frequency. It 

takes an average of 12 hours for the sun to traverse 180°. The dish has an average step 

frequency which has a movement every 6 seconds, thus by simple proportion: 

180° x 
6

·
00 

= 0.025° or (0.44mr) 
12.0x3600 

This calculation indicates a resolution of tracking movement of 0.025°. As a correlation 

check, consider the following (Figure 5-25). 

0 

An~ 

,... F = 7.40m ... 

Figure 5-25: Beam Movement Triangle 

0.01 SOm = Y.. Module 
Width 

The beam deviation is derived from the fact that each module has 4 columns (each l .5cm 

wide) of cells in series, if just one column was not illuminated the voltage of the modules 

would drop significantly. This does not occur in operation and thus it can be deduced that 

the beam deviation is less than the width of 1 column of cells 1.5cm wide. The resulting 

worse case pointing accuracy of the dish is at maximum 0.055° being less than lmr 

(milliradians). 

Other features of the tracking system include: 

• Over temperature de-track to defocus the dish m the event of excess 

temperature at the receiver. 

• No flow de-track to protect against destruction of uncooled receivers. 

• Manual tracking to position the dish at will. 

• Dynamic braking to stop overrun during fine tracking steps. 
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Figure 5-26 and 5-27 show the CPV Receiver 'on sun' and 10 operational CPV 

dishes. 

Figure 5-26: Multijunction 35-kWp CPV Receiver on sun with 102 kW of concentrated 'light 

power' entering the flux modifier 

Figure 5-27: Ten CPV dishes designed by the researcher on sun at Umuwa, South Australia. 
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5.7 Balance of System 

The balance of the system includes conventional industrial components such as an inverter 

for conversion of DC power to AC power and a fan cooled heat exchanger to reject up to 

lOOkW of heat unused by the receiver. The researcher developed an algorithm for the target 

set point voltage for the inverter which used cell temperature and the concentration actually 

impinging on the cell in real time to calculate V oc and then approximate V mp· 

5.8 Raytrace Modelling 

The ray tracing model was designed to be as realistic as possible in particular using the 

optical character of the real mirror panels actually used in the dish 2W at Hermannsburg. 

Each mirror was mapped using a laser mapper developed by the researcher (Lasich, 2001, 

AUS 2002244529B2). 

This mapping produces a 'pan file' which records the slope at 900 points on each panel of 

size l. lm x 1. lm. The 112 mirror panels are optically positioned in the mathematical model 

with an average pointing error of 0.06° being typical as measured by the mirror alignment 

system described in the above reference. The actual conditions prevailing at the time of 

measurement (Figure 5-29) are input to the model which predicts an output of 32.8 kW. 

The principles of operation of the dish optical model used in the ray tracer are explained in 

Chapter 3.2. The specific application to a 130m2 dish with 112 spherical facets fitted to a 

paraboloidal surface with a target receiver size of 0.23 m2 is exemplified here. 

Each of the 112 mirror facets has been mapped and its 'pan file' loaded into the ray tracer. 

This gives the 'real' character of the mirrors and no mathematically modelled 'surface' or 

'slope' error is added. 

A pointing error of 0.06° determined by post mapping of the entire dish is included to add 

practical reality into the simulation. The position for the receiver was determined by using a 

method similar to that described in Chapter 3.2 for the 20m2 dish. The flux distribution is 

determined at the 'cell face' and a series/parallel model is used to determine the expected 

receiver performance (see Figure 5-28, shown on the next 5 pages). 

109 



Chapter 5 

An iterative loop is also used to determine the operating condition of each cell with regard 

to its temperature and impinging light concentration. This is then used to determine the 

performance of the cell at the condition from the concentration-efficiency characteristic and 

temperature coefficient. The performance of a module is tied to the output of the lowest 

performing cell. 

Ray trace of 130m2 CPV system 

Serial Number= 10284.5701 

INFORMATION ON RAY-TRACE 10/11/09 

Description: 129.7m2 Parabolic facetted DISH - @ STC with 112 spherical mirrors 

MIRRORS (1.1x1 .1m mirrors) -AT 948 W/m2 SOLAR INPUT 

File name: \\abbpwfile01\home$\JBLasich\JBL thesis\thesrealXX32.8dat.DAT 

Each spherical facet (Panel) contains laser-mapped directional data 

Spherical facet (Panel) laserspot files used are: (No. files= 112) 

9862a.pan, 9862b.pan, 9863a.pan, 9864a.pan, 

9865a.pan, 9866a.pan, 9867a.pan, 9868a.pan, 9869a.pan, 

9869b.pan, 9870a.pan, 9871a.pan, 9872a.pan, 9873a.pan, 

9874a.pan, 9875a.pan, 9876a.pan, 9877a.pan, 9878a.pan, 

9879a.pan, 9880a.pan, 9881a.pan, 9882a.pan, 9883a.pan, 

9884a.pan, 9885a.pan, 9886a.pan, 9887a.pan, 9888a.pan, 

9889a.pan, 9890a.pan, 9891 a.pan, 9892a.pan, 9893a.pan, 

9894a.pan, 9895a.pan, 9896a.pan, 9897a.pan, 9898a.pan, 

9899a.pan, 9900a.pan, 9901 a.pan, 9902a.pan, 9903a.pan, 

9904a.pan, 9905a.pan, 9906a.pan, 9907a.pan, 9908a.pan, 

9909a.pan, 991 Oa.pan, 9911 a.pan, 9912a.pan, 9913a.pan, 

9914a.pan, 9915a.pan, 9916a.pan, 991 ?a.pan, 991 Ba.pan, 

9919a.pan, 9920a.pan, 9921 a.pan, 9922a.pan, 9923a.pan, 

9924a.pan, 9925a.pan, 9926a.pan, 9927a.pan, 9928a.pan, 

9929a.pan, 9930a.pan, 9931 a.pan, 9932a.pan, 9933a.pan, 

9934a.pan, 9935a.pan, 9936a.pan, 9937a.pan, 9938a.pan, 

9939a.pan, 9940a.pan, 9941 a.pan, 9942a.pan, 9943a.pan, 

9944a.pan, 9944b.pan, 9945a.pan, 9946a.pan, 9947a.pan, 

9948a.pan, 9949a.pan, 9950a.pan, 9951 a.pan, 9952a.pan, 

9952b.pan, 9953a.pan, 9954a.pan, 9955a.pan, 9956a.pan, 

9957a.pan, 9958a.pan, 9959a.pan, 9960a.pan, 9961 a.pan, 

9962a.pan, 9963a.pan, 9964a.pan, 9965a.pan, 9966a.pan, 

9967a.pan, 9968a.pan, 9969a.pan, 
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Panellaser spot data has been randomly rotated for each facet 

Panel laser spot data has been pre-loaded and the coordinates of the 

average of 4 outer laser spots have been used to define the spot patterns' center 

Panel laser spot target-mirror distance has been extended (artificially aged) by 4.00m 

Panel laser spot target has been increased by 1.00% 

Average random y-panel tilt (pill box) (deg) = 00.06320 

Average random z-panel ti lt (pill box) (deg) = 00.06022 

The following facets have been omitted: (count= O) 

The following facets have been tilted: (count= 0) 

PRIMARY REFLECTOR CHARACTERISTICS: 

Primary reflector type ...... .. ....... faceted paraboloidal dish with square spherical facets 

Focal length of primary ............ (m) 7.4 

Reflector diameter (aperture) ..... (m) 12.8 

Reflector rim angle ............ . (deg) 46.77 

Error {1 )gauss,(2)pill ,(3)parabolic 2 

Chapter 5 

Mirror facets maximum slope error (degrees) .... .. ........ . 0.01 (essentially no added slope error) 

Spherical facet length + height.. .. (m) 1.1 

Spherical facet radius of curvature(m) 

Primary reflectance .. ............ (%) 94.00 

Shading loss - due to struts etc .. . {%) 0.00 

SECONDARY DEVICE(S): 

Secondary reflector type is a flux modifier 

Flux modifier posn. rel. to focus .. (m)-.28 

Flux modifier depth .. ...... .. .. .... (m).208 

Flux modifiier aperture ...... .. ..... (m).54 

Flux modifier back face ...... .. .. .. (m).48 

Flux modifier reflectivity .......... (%)95. 

PV ARRAY: 

PV cell array efficiency .. .. ... {%) 21.8 

PV cell array matrix .. .... ...... . = 4x 6 

PV module array matrix .......... = 4x 4 

PV sub array matrix ....... ...... = 2x 2 

PV cell array Packing Factor.{x100%).97 

Maximum glass cover reflectivity using reflection formula(%) 100. 

IR glass cover reflectivity .. .. . (%) 11.4 
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SAMPLER: 

Sampling position .......... ... ..... (m)-.28 

Sampling width ............ ........ . (m).48 

RAY/TRACE CHARACTERISTICS: 

Total number of rays selected ...... .. = 1000000 

Light source used ..... ........ ..... .. = rays from 1 solar mass 

source model is a pill box 

Incident watt density ...... . (Watts/m2)= 948 

Solar diameter used ... ..... ....... (m)= 1387546000 

Max. Incident solar ray half angle ... = 2.65E-01deg. (4.63E+OOmRads) 

Projected Area of dish raytraced .. (m2)= 129. 7 

SYSTEM PERFORMANCE RESULTS: 

Total number of rays fired at primary .. ..... 792670 

Total pwr incident on primary .... .... (Watts)122,925.92 

Time taken to do ray trace .... .. ... (minutes) 1 

Number of smooths in power matrix .. ... ..... .. 2 

Average Watt densty impinging on PV(W/cm2) 43.85 

LIGHT POWER STATS 

Power entering flux modifier = 104,913.57 Watts 

Total power impinging on flux modifier walls = 40,686.34 Watts 

Power lost due to glass surface reflection = 1,439.13 Watts 

Power lost due to absorption on flux modifier walls (indirect) = 2,433.18 Watts 

Power lost due to absorption on flux modifier walls (by counts) = 2,434.73 Watts 

Power lost due to absorption on flux modifier walls (primaries) = 2,082.70 Watts 

Power lost due to absorption on flux modifier walls (doubles.etc)= 352.03 Watts 

Power ,lost due to unknown mathematical reasons = 0.00 Watts 

Total power lost on flux mod. and glass surface reflection = 3,872.31 Watts 

Power impinging on dense array = 101,041 .27 Watts 

Power lost due to IR glass cover reflection (indirect) = 11 ,518.70 Watts 

Power lost due to IR glass cover reflection (by counts) = 11,373.44 Watts 

(the IR loss is used in thermal and cell effic. calculations only) 
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Summary of power impinging of Photovoltaic dense array and 

power output of series and parallel connected array 

The calculation is based on all the cells, modules and sub arrays specified. 

We have 4x 6 cells, 4x 4 modules, and 2x 2 arrays 

We have 1536 total number of cells 

Radiation impinging on reciever (cel ll) array (CPMPAP) = 101143 

PV model is based on Spectre Lab triple junction GaAs high concentrator cells 

Average cell efficiency for all parallel combinations (%) =34.87 

Highest cell efficiency measured .................... (%) =35.02 

Lowest cell efficiency measured ....... ...... .. .... .. (%) =34.81 

Celli ·effic. improvement (estimated for next batch) .. (%) =5.70 

The average water temperature through receiver ... (deg.) =30.00 

The expected PV cell temperature ... .......... .. .. (deg.) =41.28 

The temperature saftey factor added to the cell T. (deg.) =0.00 

The average water temp includes a heatX temp of ... (deg.) =0.00 

The U factor for calculating cell temp .... (W/cm2/deg.C) =2.60 

The Temperature coefficient ... ....... ............... ()= -0.17%/°C. 

The flow rate through each module ................. (lpm) =2.30 

The cell area is ..... .. .... ....................... (cm2) =1.50 

Chapter 5 

Power output using calculated cell efficiency and a 

97.00% packing factor and 0.00% cell degradation 

effic%) 

(Power W) (recvr. effic% (Pin)) (gross 

Cells in series, modules in series, sub arrays in series = 

Cells in parallel, modules in parallel, sub arrays in parallel= 

Cells in series, modules in parallel, sub arrays in parallel = 

Cells in series, modules in parallel, sub arrays in series = 

30074 

34210 

33089 

32773 

29.77 

33.86 

32.75 

32.44 

Dish optica 11 efficiency (impinging on array/power in) ....... ....... ..... (%)= 82.20 

24.47 

27.83 (This is the 

26.92 configuration 
used 

26.664 in Receiver 61 
in Dish 2W) 

Figure 5-28: Ray trace of 130m2 CPV system showing the modelled performance for the dish using the 

actual mirror maps for 112 panels (pan files) . The predicted output for a series parallel series cell arrangement 

was 32.77kW and under the same conditions the actual power output was 32.8kW. See Figure 5-29 
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Cell Map - Power 
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Cell Map - Power (with Module Grid) 

Minor scale = 1 cm 

Medium scale = 1 O cm 

Major scale = 1 m 

Figure 5-28 (Continued): Modelled output for 130m2 CPV Dish 2W at Hermannsburg, 20 image. 
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mirrors) 
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Outer mirror intersects image from position 

26 A (real mapper panel) focussed into 

corner of receiver. 

Figure 5-28 (Continued): Modelled output for 130m2 CPV Dish 2W at Hermannsburg, 30 image. 
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5.9 Actual Performance 
Figure 5-29 shows a screenshot from the human machine interface (HMI) for dish 2W, Rx 

61 at Hermannsburg, 3 June 2009. This records the actual on-sun performance of the dish 

at operating conditions and cell /module/subarray configuration (cells in series, modules in 

parallel sub arrays in series). The DC power output is 32.8 kW at a direct normal solar 

radiation (DSR) of 948W/m2
, normally called direct normal irradiance (DNI). 

It is interesting to compare the output by the ray trace model is 32.77kW (Figure 5-29) for 

the same conditions. The total DC efficiency is 26.7% with a PV receiver efficiency of 

32.4% and an optical efficiency of 82.5%. The average module flash test efficiency was 

35.7% at 21°C (shown in Appendix 3). 

Allowing for 3% dead space in the receiver one would expect a receiver efficiency of 

34.6% which compares well with the receiver flash of 34.8% (see Appendix 3). 

When corrected for temperature at the average cell operating temperature of 41.5°C, the 

average receiver efficiency would be 33.5%. When compared with the measured receiver 

efficiency of 32.4%, there is a loss of 1.1 % absolute which can be attributed to flux 

distribution losses. This very even flux distribution is also confirmed by the small variation 

in module current where 90% of the modules are within +/- 10% of the average current 

(shown in the green matrix of Figure 5-29. (The module with 6.5Amps is not included in 

this analysis as the module has a failed cell). Since the time of writing a new result has been 

recorded for a further modification to Dish 2W at Hermannsburg and is shown in Appendix 

8. With a slight adjustment to the receiver position and a new generation of MJ cells a DC 

efficiency of 28% at almost full power was achieved. 
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Figure 5-29: 'Screenshot' of the human machine interface (HMI) for receiver m dish 2W 

Hermannsburg showing control and monitoring screen for a 130m2 dish. The essential metrics of power, 

efficiency, temperature and mode of operation are included. 
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CHAPTER6. LONG TERM PERFORMANCE/ENERGY 

PREDICTIONS/ENERGY COST 

6.1 Relationship to Instantaneous Performance and Definitions 

Chapter 6 

The operational life of concentrating photovoltaic systems is likely to be measured in 

decades. However, the researcher has access to data obtained over the short term, that is, up 

to about three years and we need to be able to predict the performance over a much longer 

period. First the important terms will be defined and sample calculations necessary to 

estimate the POWER and ENERGY outputs for a 130m2 dish starting with 35% efficient 

multijunction (MJ) modules in 2008 are shown. Figure 6-1 shows the target performances 

for dish power, efficiency and energy output through 2012. These increases are driven by 

improvements in cell/module performances and improvements in the TRANSfer and 

OPeration (TRANSOP) 'derate' factor which account for 'other' operational losses for a 

dish operating in a power station. 

The DC 'name plate' rating of a dish is Poe sTc and is roughly equivalent to the flat plate 

module power at Standard Test Conditions (STC). 

The Annual AC Energy Output (kWh/year/dish) for a dish is calculated from the nominal 

AC power output PNAC, multiplied by the available Direct Normal Irradiance (DNI) and the 

number of days in the year. 'PNAc' represents the average annual nominal AC power rating 

for one dish and allows for all operational, parasitic and field losses (as represented by the 

TRANSOP). This is the electrical energy that is delivered to the first step-up transformer 

which will ultimately connect to the grid. 

PNAC is a derived metric which is actually determined from long term energy 

measurements. The DC energy is logged each day along with the DNI. This includes the 

effect of availability, spectrum, dirt, temperature and shading. The further effects of field 

losses, parasitics and AC conversion are then added to determine the 'PNAc'. 
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For example at Alice Springs in 2008 with a dish having a PNAC of 27kW and a DNI of 7.4 

kWh/m2/day (i.e. 7.4 nominal peak hours at 1 kW/ m2) and considering one year (365 days) 

of operation, the annual energy output would be: 

Annual AC Energy Output= 27kW x 7.4 hours/day x 365 days/year 

= 72,900 kWh/year/dish. 

6.2 Nominal Target Performances - 130m2 Dish and Modules and Cells 

Date 2008 2009 2010 2011 

Poe sTc (kW) measured at 35 (27%) 36.5 (28%) 38 (29%) 40 (31 %) 
base of the dish 
(efficiency) 

P Ac sTc (kW) measured at 32 33.4 34.8 36.5 
the inverter 
(P Ac srdPoc src ratio of 0.915 incl. 26% 27% 28% parasitics but no field losses) 

PNAC (kW)* measured at 
inverter terminals (Annual 27 (21%) 28.5 (22%) 31 (24%) 32.4 (25%) 
Average AC Efficiency) 

PNAc/PocsTc Ratio 0.77 0.78 0.81 0.81 

TRAN SOP (see section 
0.77 0.78 0.81 ** 0.81 

6.4) 

Ptypical DC (Range) 
24 to 34 25 to 35 27 to 37 29 to 39 

measured at base of dish 

P1ypical AC (Range) 
measured at inverter 20 to 30 21 to 31 23 to 33 25 to 35 
terminals 

Related Module Efficiency 
(Manufacturing average 35% 36.5% 38% 40% 
over full year)*** 

* Accuracy of ± 10% Refer to attached conditions pg 2. 

2012 

42 (32%) 

38.4 

30% 

34 (26%) 

0.81 

0.81 

31 to 41 

27 to 37 

42% 

* Ratio of PNAC / Poe sTc ranges from 0.77 in 2008 to 0.81 in 2012 and assumes some improvements 

in parasitics, availability and 'other' 

Energy output per dish per year= PNAC x DNl/day x 365 days I year e.g. 27 x 7.4 x 365 = 73,000 

kWh/year 

** Refer to Sections 6.5 and 6.6 
*** Supported by Spectrolab targets see Figure 4-22. 

Figure 6-1: Nominal Target Performance- 130m2 Dish and Modules and Cells 
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6.3 Definitions 

• Annual Average AC Efficiency - AC electrical energy output as a percentage 

of the solar energy intercepted by the dish over one year. 

• Annual Energy Output (kWh/year/dish) - the AC electrical energy output for 

one dish over 1 year. 

• Auxili.aries - includes all parasitics and losses incurred in the process of 

generating and delivering AC power to the output terminals. (Typically input 

terminals of the first step up transformer). These losses are accounted for in 

TRANS OP. 

• Availability - percentage of time the dish is generating while the sun is shining. 

• Capacity Factor - the measure of the energy output over a 24 hour day and 

depends on PNAC, the name plate rating (either Pnc sTc or PAC sTc) and the DNI 

For example, the yearly AC Capacity Factor for 2008 for Alice Springs with a 

DNiof7.4 kWh/m2/day, is:-

Capacity factor AC = 

= 

PNAC x 365 x DNI 

PAcsoc x 8760hrs/yr 

27 x 365 x 7.40 

31.0 x 8760 

= 27% 

• Cell efficiencies - determined by flash test at 25°C and 500x. 

• DNI - Direct Normal Irradiance measured in kWh/m2/day (this is a measure of 

direct solar energy delivered per day. The DNI is also equivalent to the number 

of peak sun hours per day at an irradiance of 1000W/m2
) 

• Irradiance - is measure of solar flux in W/m2 (this is a measure of the solar 

power delivered per m2
) 

• Module efficiency is determined by flash test at 25°C at 500x. 
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• Poe sTc (kW) - DC power output of one dish corrected to Standard Test 

Conditions (STC) of 1 OOOW /m2 Direct Solar Irradiance and cell temperature of 

25°C. Auxiliaries are NOT included. Poe sTc is approximately equivalent to the 

'name plate' rating of flat plate systems. 

• PNAC - is the 'NOMJNAL' AC power output of one dish and is defined as the 

'Average Annual AC Power' output measured after the inverter output terminals 

and allows for field losses, thus PNAC is calculated at the input terminals of the 

first 'Step Up' transformer. ('Step Up' transformer losses are NOT included) 

PNAC is related to PsTc by allowing for TRANSfer and Operation (TRANSOP) 

losses in a power station. 

PNAC = PocsTc x TRANSOP 

The AC energy output of a dish is calculated by the equation: 

Annual AC energy output= PNAC x DNI x 365 

Section 6.4 shows factors which make up 'TRANSOP' target for 2008 and 

2010 respectively. 

The values stated are derived from Dish 2W under Hermannsburg conditions. 

PNAC is the 'pseudo' power output which represents the AC energy generating 

capability of a dish. It is derived from the measured energy output divided by the 

number of kWh of sunlight taken to produce that energy output over a given 

time. The reverse calculation can be used to estimate the energy output for a 

given solar input and time. Other performance factors can be applied to this 

baseline rating to account for temperature and other site or installation specific 

characteristics. 

• P Typical - is the power observable on any clear sunny day with solar irradiance in 
2 the range of 700 to 1050W Im . 

• P ACSTC - is the AC name plate rating of the dish measured at STC at the inverter 

of each dish. It includes inverter loss and parasitics but does not include field 

losses. 

• Peak AC Efficiency -AC efficiency from sunlight to AC electrical power under 

peak conditions 
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• STC - Standard Test Conditions of 25°C cell temperature and Direct Normal 

Solar Irradiance of 1 OOOW /m2 A.M. 1.5D 

• TRANSOP - is the 'derating factor' which allows for losses in OPeration of 

dish and TRANSfer of power to AC terminals. Section 6.4 shows factors which 

make up the TRANSOP factor (see section 6.4). 

6.4 TRANSOP Estimated for 130m2 Dish for 2008 

Dish availability 97% (non standard operation activities excluded) (approx. 3% loss) 

Average cell temperature 50°C (approx. 4% loss) 

Cooling fans 700W (approx. 2.5% loss) 

Pumping and tracking lkW (approx. 4% loss) 

Accumulation of dirt on dishes (approx. 3% loss) 
Total 'TRANSOP' = 
0.77 for 2008 

Shading for multi-rows of dishes at 40m East West spacing. (approx. 3% loss) j 
Field power collection (approx. 1.5% loss) 

Inverter efficiency 95% (approx. 5% loss) 

Total (Multiplicative) TRANSOP = 0.77 

During the test period, the following effects may have been present but normally they are 

small: 

Transients 

High wind during sunny conditions 

Dew or frost on dish 

Measured but uncollectible circum solar radiation 

Cell infant mortality 

6.5 EPR and Average System Efficiency 

The energy production rate (EPR) is used as a measure of the system performance. The 

EPR =daily dish DC output kWh/DNI in units of kWh/m2/day. The efficiency= EPR /dish 

area of 130m2
. The 'AC' version of 'EPR' allowing for TRANSOP the same as ' PNAC '. 
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6.6 Energy &Performance Analysis 

A new MJ receiver (Rx 56) was installed on March 28th 2007, a few days after the autumn 

equinox, and monitored for 2 years. During these 16 weeks of autumn and winter, the daily 

average air mass number was slowly increasing. It was expected that the output power and 

the daily energy production of the MJ receiver would decrease, not only because the 

sunlight intensity would be reduced, but also because the solar spectrum would change 

during this period and would be less favorable to the MJ solar cells that are optimized to a 

particular spectrum. The solar spectrum was carefully monitored the solar spectrum with a 

spectrophotometer and calculated the ozone, precipitable water and aerosol optical 

thickness. This data was entered into our modeling program of the MJ receiver that 

calculates the expected daily energy production, based on the spectral response of the cells, 

the location of the concentrator system, the date and the atmospheric parameters (ozone, 

water and aerosol optical thickness). Figure 6-2 shows that there is a very good agreement 

between the simulated data and the actual daily energy production divided by the 

cumulative daily solar irradiance (kWh/kWh/m\ As a result of the validation of our 

simulation model, we are now in position to further optimize the spectral response of the 

solar cells to a particular target solar spectrum for the best annual performance of the 

system. 
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Figure 6-2: Daily energy production rate for modelled and measured output (daily produced energy 

divided by the daily cumulative solar irradiance) between end of March and mid July. The influence 

of spectral variation is taken into account in the model for the simulated results. 
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Data were obtained from the records of power output and dish performance at 

Hermannsburg (see Figures 6-3 to 6-5). The following steps were then taken: 

Chapter 6 

• The mean optical efficiency was limited against plausible maximum values 

(specified by the researcher, which were different for both dishes. For 1 W this 

was 0.880 and for 2W the topical efficiency was standardised to 0.830. 

• The benchmarked EPR was then calculated as such: (EPR x 

Benchmark)/(LimitedOptEff). 

• The non-benchmarked value was calculated as follows without the correction 

for optical efficiency being made. This was only done for lW. 

• To exclude days when the dish may not have been running for the whole day or 

the weather was unsuitable for operation, the benchmarked EPR was then 

limited to values above 20.0 kWh/kWh/m2
. A subsequent check showed this is 

valid as values under 20.0 were insignificant. 

• A linear fit was then applied to the benchmarked EPR data limited above 20.0. 

• Using the equation from the linear fit the Rx efficiency was then calculated by 

substituting in the initial and final dates the Rx was operational, finding the 

initial and final EPR values, and then using the following equation: 

RxEff = 1 - (finalEPR/initialEPR). 

• The mean values were calculated over the same data as the linear fit with the 

error associated with a 95.0% confidence interval calculation. 
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Hermannsburg - Dish 2W- RX 61 - Benchmarked Daily Energy Production Rate (kWh/kWh/m2) and Optical Efficienoy""'""'"°°" 
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Figure 6-3: Hermannsburg Dish 2W Rx 61 - Benchmarked Daily Energy Production Rate Over 1 Year 

(kWh/kWh/m2
) . The optical efficiency has been connected to the nominal ' clean ' value of 83% to show the 

performance of the CPV receiver. The curve fit indicates a slight degradation over 1 year of 0 .58%. 
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Figure 6-4: Raw data from Hermannsburg Dish I W - Rx 56 - Daily Energy Production Rate and Optical 

Efficiency Over 2 Years. The blue dots indicate the wash dates. For the period 12/08/08 to 11/02/09 the dish 

was not washed and the outpt has dropped by about 8% or approximately 1 % per month. This is the 'typical' 

influence of dirt on the mirrors. 
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Hermannsburg - Dish 1W - Benchmarked Daily Energy Production Rate (kWh/kWh/m2
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Efficiency 
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Figure 6-5: Hermannsburg Dish 1 W Rx 56 - Benchmarked Daily Energy Production Rate Efficiency Over 2 

Years in order to bench mark the CPV receiver performance to optical efficiency was corrected to the 

nominal ' ~lean' efficiency of 88%. The increase in output over the two years indicates that the 'availability ' 

of the dish has improved and the spectral conditions are more favourable. The rise in EPR after 11 /02/09 is 

because a new generation PV receiver was installed. 

6.7 Levelised Cost of Energy (LCOE) Model 
The concept of LCOE was introduced in the literature review and is explained here in 

detail. Its purpose is to provide a standard method to compare the cost of energy for a 

particular scenario against another where the inputs are:-

The cost of capital, operation and maintenance cost, depreciation, subsidies 

and tax benefits; 

The average output PNAC = PocsTc x TRANS OP as described in Chapter 6.4; 

The 'DNI' being the solar resource available at the potential site 

(kWh/m2/day); 

The nominal name plate rating PocsTc at the base of the unit; and 

Degradation rate over 20 years. 
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The example shown in Figure 6-6 compares the researcher's system at small volume 

<lOOMW/pa with no 'learning curve' to commercially available 'First Solar' thin film 

CdTe at 10.6% efficiency and 'SunPower' c-Si at 19.3% efficiency. The average annual 

'system efficiency' (of PNAC) used in this calculation is 22.8%. The reported annual 

average AC system efficiency reported from infield measurements at Hermans burg for dish 

2W is 22.5% (Lasich, 2009)- refer to Figures 6-7 to 6-9. While the commercially available 

flat plate products have been produced at GW scale have many years of learning curve 

experience, it is evident that the researcher's system (with cost calculated at 60MW/year) is 

competitive on the basis of LCOE with all 3 cases being within just a few percent of each 

other. The capital costs used for the flat plate systems were obtained from company data 

indicating their future cost targets in the next 3 years. 

In Chapter 8 where performance enhancements and the effects of 'learning curve' and 

'volume' production are modeled, it can be seen that the researcher's CPV system when 

produced at 0.5 GW/year with a 42% module efficiency or LCOE of $50/MWh (Sc/kWh) 

may be possible. It should be noted that these calculations use income tax credits as 

presently available in the USA. 
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I 2010 LCOE Analysis - Update 
so1ar Systems High ETT1c1ency silicon 

DACP\i CdT• Thin Film (TF) (Si) 

Average annual output over life of plant (kWh AC) 41,660,121 34,014,559 41 ,786,017 

con 
2010 LCOE Analysis - Update CdT• Thin Film (Si) 

O&M Cost Per Annum (SMM) 877.455.000 7 48,388.891 709,563.904 
O&M Cost as a % of Capital Cost 1.0 1% 1.00% 0.75% 

O&M Cost per square metre of collector $12.30 $4.00 $6.85 
O&M Cost per MWh In ';ear 1 $20.76 $19 63 $14.73 

O&M Cost S per kW-year (ACsoc) in year 1 $43.87 $37.42 $35.48 

Present value of O&M cost $12,757,762.54 $10,881 ,205.02 $10,316,708.88 

TOTAL LIFE CYCLE COST (TLCC) 
Capital cost net of ITC $60,537,00 1.41 $52,387,222.35 $66,225.964.40 
PV of MACRS tax shield -$25,839,259.25 -$22,360,655.27 -$28.267 ,502.90 

PV of O&M cost 512,757,762.54 $10 881 ,205.02 510,316,708.88 

TLCC $47,455,504.70 $40,907,772. 10 548.275.170.38 

PV OF GENERATION OVER ASSET LIFE ($/MWh) 522.794 442,335 548,896 

LCOE $90.77 $92.48 $87.95 

Figure 6-6: Comparison of levelized cost of energy for 3 different technologies. The researcher's CPV, CdTe 

thin film flat plate and high efficiency crystalline silicon flat plate. The analysis shows that the researcher's 

CPV system (at 60 MW/yr production rate) is competitive with the other two technologies. The baseline 

performance and cost for the flat plate systems use forward (some what optimistic) projections for very high 

(GW Scale) volume. The relatively low annual degradation factor for the CPV system allows for some 

replacement of degraded PV modules and mirrors. This replacement cost was added into the O&M cost for 

the CPV system. The degradation rate for flat plate systems is derived from warranty statements of 

representative suppliers and assumes no replacement. The higher O&M cost of $12.30.m2 of the CPV system 

accounts for this. 

The effect of these tax credits is to reduce the LCOE by approximately one third to one 

half. Without the subsidy the LCOE projected for the CPV system would be approximately 

7.5 to lOc/kWh. 

Traditional coal fired generation presently has a base cost of approximately 50 to 70 

$/MWh (IEA, 2008). The global carbon capture and storage institute (GCCSI) estimates the 

increased cost to 'clean up' generation would be up to 78% (The Age, 2009). This would 

indicate that the roughly comparible cost of clean coal would be 90 to 120 $/MWh. Other 

factors to be considered in this comparison included dispatchability and long term supply 

which have 'downsides' for solar power and coal power respectively. 
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A brief comparison with another CPV system "FlatCon' developed by Concentrix Solar 

shows they have achieved an annual average AC efficiency in the range of about 20% over 

1 year (Concentrix 2009). 

This system has a slightly higher specific weight than the CS500 Dish developed by the 

researcher and thus one would expect a slightly higher LCOE for the Flatcon system. 
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CHAPTER 7. RELIABILITY 

7 .1 Operation and Maintenance 

Operation and maintenance costs play a significant part in the LCOE for the technology 

particularly because it is a recurring cost. A number of CPV companies are getting 

sufficient infield data to record and classify types and trends in system failures. (Stone, K, 

2006) A cost can then be assigned to the 'O&M'. It can be shown that a reduction of 

$1000/year in operation and maintenance cost per dish is equal to a capital cost reduction of 

approximately 10 times that number ($10,000). Operation and maintenance costs are a 

reflection of the cost of remedying failures of the system as well as routine costs such as 

cleaning mirrors. For this reason, knowledge of the expected performance over the 

prescribed lifetime (typically 20 to 25 years) is very important. The following tests are 

designed to give an indication of the lifetime/'accelerated lifetime' (or degradation rate) of 

the component in service. 

International standard IEC 62108 (reliability standard) includes a range of accelerated 

lifetime tests including 'damp heat', 'heat soak', thermal cycling and UV exposure. These 

tests are intended to stress the active components in the 'power train' of the system i.e. the 

mirrors on the collector and the cells/modules for converting the concentrated light to 

electricity. A particular example of 'managing' reliability is shown in Figure 7-2 when a 

PV receiver can be easily changed for quick O&M or an upgrade with higher performance 

modules. 

7.2 Modules 
The CPV module is the key component which dictates reliability and thus the most effort is 

focused here. It is evident that real infield conditions are not fully represented by these 

individual tests however they are a good starting point. It is the intention of the researcher 

to develop some 'combination' tests which will impose the synergistic effect of several 

stresses simultaneously. The intent would be to have an accelerated test which can predict 

module performance in the real world over many years. 
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7.3 Accelerated Testing 

The modules assembled with MJ solar cells were extensively tested for reliability through 

thermal cycling, damp heat, high-temperature soak and on-sun long term exposure testing. 

In this matter, there is some guidance provided by several technical specifications and 

international standards. In 2001, the Institute of Electrical and Electronic Engineers (IEEE) 

produced a first standard for qualification of concentrator PV modules (IEEE Sdt 1513-

2001 ), which was itself based on earlier recommendations from Jet Propulsion Laboratories 

and Sandia National Laboratories. In 2008, the International Electrotechnical Commission 

(IEC) produced a first international standard on concentrator PV modules: IEC 62108-2008 

"Concentrator Photovoltaic (CPV) Modules and Assemblies - Design Qualification and 

Type Approval". This standard established testing procedures for qualifying CPV modules 

and assemblies. These testing procedures are essentially accelerated aging tests to ensure 

long term reliability of the CPV modules. The procedures described in IEC 62108-2008 

were followed closest, but in some cases they were modified to suit the particularities of the 

dense-array CPV modules. 

7.4 Damp Heat and High Temperature Soak 

It is well established that ill-V solar cells are very sensitive to oxygen and moisture and 

could degrade rapidly due to oxidation of the window top layer. Over the years, 

manufacturers of solar cells have abandoned the standard AlGaAs window layer material 

for a more robust and more reliable AllnP layer. In order to test the resistance of 

encapsulated cells to high-temperature and moisture, the encapsulated MJ modules were 

submitted to a damp heat test of 1,000 hours at 85°C with a relative humidity greater than 

85%RH and with a halogen light bias ( ~ one sun) in order to generate enough voltage and 

current to enhance any galvanic corrosion. The MJ modules survived the damp heat test 

with less than 10% degradation in performance. In another test, the MJ modules survived 

without any observable degradation a temperature soak at 100°C for more than 1,000 hours. 

Solar cell suppliers have also tested the reliability of the MJ solar cells. For example, 

Spectrolab had applied high temperature soaks to the current MJ solar cells for more than 

2,000 hours at temperatures between 140°C and 250°C in nitrogen (N2) and in air. The 

efficiency and open-circuit voltage Voe of the cells were measured at regular time 

intervals. Assuming an activation energy Ea of 0.73 eV, which was previously obtained by 

measurements at Spectrolab on similar space solar cells, it was possible to calculate the 
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estimated degradation in performance over 25 years and for a continuous on-sun operation 

at 70°C, which is about 20°C above the normal operating temperature of the solar cells. 

The estimated degradation was less than 2% for the currently used MJ solar cells over a 25-

year period. 

7 .5 Thermal Cycling 

The testing and modeling of CPV modules is complex and depends on many factors. The 

challenge is to accelerate ageing in order to predict the future lifetime, while at the same 

time subject the specimen under test to conditions which would induce a ' real' mode of 

failure. The researcher conducted many tests with different module designs and under 

different test regimes. This section relates to a sample of those tests. 

The MJ modules were submitted to accelerated ageing testing by subjecting them to 

thermal cycling. Solar cells in a typical CPV system may undergo about 2,000 shallow 

thermal cycles per year, between 30°C and 50°C, depending on the location, due to the sun 

being occluded by clouds. Additionally, the cells may undergo about 365 deep thermal 

cycles, between 10°C and 50°C, due to the normal daily cycles. Over a 25-year period, the 

cells would undergo about 50,000 shallow cycles and about 9,125 deep cycles. In 

particular, in the system developed by the researcher, the cells are actively cooled and are 

typically operating at a temperature of 45°C. The expected actual temperature difference 

during these shallow cycles is from the water inlet temperature (20°C to 35°C) to the 

Normal Operating Cell Temperature (NOCT) of 45°C. 

The test was designed to thermally cycle individual modules between 27°C and 72°C, with 

800 to 1,000 cycles per day. In order to make sure that the degradation mechanisms are 

similar to the actual ones, the set points of temperature were selected to be greater but still 

similar to the actual temperatures seen by the solar modules. The new MJ modules survived 

more than 45,000 thermal cycles without any significant degradation. A particular version 

of the modules survived more than 70,000 cycles without significant degradation: less than 

10% in efficiency and without significant cracks in the layers of solder. The typical result 

was in the range of 40,000-50,000 cycles. 

In order to estimate the actual acceleration factor, several modules were thermally cycled at 

a higher temperature difference, 27°C to 92°C. With this higher temperature difference, a 
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smaller number of cycles would be expected to occur until a 'fail' condition occurred. It 

was indeed observed that the modules only survived about 10,000 thermal cycles without 

significant degradation, less than 10% in efficiency and without significant cracks in the 

solder layers. A number of modules were also cycled at 27°C to 82°C with the typical 

number of cycles to failure being about 20,000 to 25,000. Observations of these events 

indicate a very rough rule of thumb, which says that for each increase by 10°C of the 

temperature cycle range, the number of cycles to failure reduces by a factor of 2. More 

work needs to be done to develop a useful model to predict module lifetime. 

7 .6 UV Exposure 

Intense UV exposure could degrade CPV modules due to yellowing or browning of the 

encapsulant material, solarization of the cover glass, or degradation of the cell performance. 

In any case, the observable degradation is expected to be in the current responsivity only. 

Due to the very high concentration ratio ( 468X), it was difficult to find a UV source with 

sufficiently high intensity to be equivalent to an acceleration factor greater than 1. 

Therefore, it was decided that an effective UV exposure test would be on the CPV dish 

with real sun. As described below, MJ modules have been placed under concentrated 

sunlight (concentration ratio greater than 400X) for more than 3 years in CPV systems 

installed in the Australian outback without any significant degradation due to intense UV 

exposure. In particular, there was no observation of solarization of the cover glass or 

yellowing/browning of the encapsulant material. 

7. 7 Humidity Freeze tests 

Following recommendations from IEC 62108 standard, modules were submitted to 20 

cycles of humidity freeze cycles (85% RH, cycles between -40°C and +85°C) 200 cycles 

between -40°C and 85°C following a pre-cursor dry thermal cycling stress of 200 cycles 

between -40°C and 85°C, This is considered, along with the Damp Heat test, as the most 

stringent reliability test. Modules submitted to this test survived acceptably well with 

performance degradation of less than 8%. 

7.8 Observed Cell Degradations 

An important research question is to discover if there is any other types of cell degradation 

that might occur in the field under normal on-sun conditions and that are not observed 
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during prescribed reliability tests in the 1EC 62108 standard. MJ modules and receivers 

have, at the time of writing this document, been on sun for more than three years. The main 

mode of degradation of the MJ solar cells observed after long-term real-life on-sun 

exposure is what is known as "Infant Mortality". After several years of research, it appears 

that the "Infant Mortality" failure mode is actually a microscopic electrical shunt created by 

thermal cycling, probably due to a difference in thermal expansion of metallisation 

electrical contacts and the GalnP/GaAs/Ge stack of semiconductors. These microscopic 

electrical shunts evolve over time and after many thermal cycles into a larger electrical 

shunt that ultimately can completely short-circuit the solar cell. This mechanism of failure 

has now been successfully duplicated in laboratory but is still under investigation in order 

to develop a model and a full understanding of the failure mechanism. In any case, this 

particular reliability problem of the MJ solar cells represents a small loss (about 3% to 6% 

relative) in performance of a full 35kW receiver as time progresses. 

7.9 Mirrors 
Coupons of mirrors have been sent to US National Renewable Energy Laboratories (NREL, 

thanks to Cheryl Kennedy) for accelerated ageing tests, including damp heat, thermal 

cycling and humidity freeze. The damp heat test was found to be the test which caused the 

greatest ageing effect and therefore constant required ageing is used as the primary 

indicator of degradation rate. The specular reflectivity for cone reflection angles of 25mr 

and 7mr were used as a measure of mirror quality. The measurement in this case is done at 

a single wavelength of 660 nm and is considered to be a reasonable measure of the 

effective reflectivity. From the triple junction cells point of view, the multijunction cell is 

limited by the top junction and 660 mn is just within the response band of the top cell. A 

more conclusive measurement would assess the whole spectrum, however the researcher's 

measurement apparatus was limited to a single wavelength. 

Accelerated ageing shown in Figure 7-1 is typically carried out at 85°C and 85% humidity. 

Correlations with mirrors in the field indicate an acceleration rate of approximately 30X. In 

this case the best mirrors might have a lifetime of about 15 years with a reflectivity loss of 

<5%. The worst case samples would be unserviceable after just 2 years. 
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Figure 7-1: Graph shows aging effects for a range of mirror panel configurations under accelerated aging by 

exposure to 85% humidity and 85°C. The indication is reflectivity. 

7.10 Mechanicals 

The mechanical reliability is reflected in the system availability. The developmental 

systems in operation total approximately 1.5MW with an average annual availability of 

about 95%. After recent improvements, availability of about 99% has been achieved. 

7.11 Maintenance 

All of the active components are contained in the receiver. A complete 35kW CPV receiver 

can be exchanged in 30 minutes. See Figure 7.2. 

Figure 7-2: Changing a CPV receiver to upgrade to a more efficient PV technology takes only - 30 minutes 
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CHAPTERS. FUTURE WORK AND PROJECTIONS 

8.1 Limits on the Minimum Cost 

In assessing the value of a technology, it is necessary to have an insight into the ultimate 

cost and performance of the system when fully optimised and mass produced. The 130 m2 

dish concentration unit, as described in Chapter 5, is not perfect or fully developed and an 

opportunity exists for further performance enhancement and cost reduction. Potential areas 

of improvement include optical efficiency; reduction of infant mortality and bum in; 

optimization of control and maximum power point tracking; reduction in parasitic power; 

power matching of modules in the receiver and increasing the concentration ratio. The table 

below quantifies the present performance and the possible improvement in each of these 

areas. Explanatory descriptions are given for each case. To determine the cost of the mass 

produced unit at 500 MW/year, a 'Leaming Curve' model using a representative industry 

Progress Ratio (PR) was applied in to the baseline cost. Two scenarios were considered to 

show the sensitivity of (conservative) 90% and (more optimistic) 80% PR. The combined 

results of the cost reduction and performance enhancement were input the LCOE model to 

compute reduced cost/kWh of electricity at high volume production shown in Figure 8-2. 

The limits are reached when the system cost approaches the material cost, that is, the cost 

of the technology has been paid off. 

8.2 Possible Performance Improvements for MkV 130m2 Dish 
Excluding cell efficiency improvement, shown in Figure 6-1 there is potential for a total of 

about 20% improvement in dish performance without significant increase in bill of material 

(BOM) cost. Present estimates are shown in Figure 8.1. 

138 



Chapter 8 

Focus Area Now Future Delta Estimated Additional 
(Estimated) (Possible) (possible Time Cost to 

gain) (yrs) to Dish 
Execute 

Cell Infant 4 - 6% loss 1-2% 3-4% 0.5-1 0-1% 
Mortality/ Bum 
lil 

Optical 84% 88% 4% 0.5 0-1% 
Efficiency 
Control 97% 98-99% 1-2% 0.5-1 0-0.5% 
Maximum 
Power Point, 
Tracking 
Optimisation 
Parasitics 1% 0.5-1 0-0.5% 
Reduction 
Power Matching 1-4% loss 1-2% 1-2% 1 1% 
Increase 500x 600x 10% 2 6% 
Concentration (Net)* 
Ratio 
Total 20-24% 

* Allows for 6% cost increase 

Figure 8-1: 'Other efficiency ' areas of possible performance improvements for 130m2 Dish CPV System 

presently operating at 500x. These are improvements in system 'other' than module improvements. 

8.3 Infant Mortality 
This would require the collection of failure mode data analysis to correlate field 

failures/degradation and development of screening methods to avoid the initial degradation 

of performance of 4-6%. While Dish 2W (after 1 year running with Rx 61) at 

Hermannsburg is still above its nominal pro-rata PocsTc output, namely 35.7 kW (for 

35.7% efficient modules), the initial performance appears to have been greater than 37kW. 

If infant mortality/degradation could be isolated, its root cause could be determined and 

eliminated. The actual output would stay about 3-4% relative above our nominal ratings 

and thus it would be possible to increase the name plate power rating for PocsTc and PNAC 

which would reduce the LCOE. 
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8.4 Optical Efficiency 

Preliminary analysis of the data from 2W obtained at Hermannsburg indicates that while 

the addition of the long focal length mirrors have increased the overall output (by 

improving the light flux distribution to the cells) the optical efficiency seems to have 

reduced from a typical 88% that we expect for a standard dish versus about 83%-84% 

which is obtained from the long focal length version. It is planned to carry out an optical 

power audit of 2W Dish at Hermannsburg to determine if this is the case and how much 

improvement is potentially available. Once this is established a program of further research 

will be initiated to improve the optical efficiency and this will include optical modeling to 

determine how much gain could be achieved by varying the parameters of improved mirror 

alignment, mirror focal length, receiver position, flux modifier length and aperture. Success 

in this area would increase PocsTc and PNAC and thus reduce LCOE. 

8.5 Increased Concentration Ratio 

It is possible to use the same receiver and the balance of system with an increase in the 

collector size by up to 20% resulting in a concentration ratio of 600 suns. This would 

increase the output by about 16% with the sub-linearity due to the slight reduction in 

optical efficiency, higher cell temperature and a less favorable operation point on the 

concentration verses efficiency curve. The inverter size would be increased by 16% and 

the cooling system can remain the same size since the module efficiency (at 40%) will 

offset the increased concentration. With an expected 16% increase in power output and a 

6% increase in cost, gives a net improvement of about 10%. 

8.6 Control Maximum Power Point, Tracking Optimisation 
Presently the Maximum Power Point (MPP) voltage is fixed. An algorithm deriving MPP 

from cell temperature and concentration ratio has been developed and would optimize the 

MPP voltage for all conditions. It is possible that by tuning the maximum power point 

tracking and the dish tracking to match the latest design changes may result in an increase 

of 1-2% relative energy output. This will not increase the PocsTc but will increase PNAC and 

reduce LCOE. 

8. 7 Parasitics Reduction 
The auxiliaries associated with the present systems are not fully optimized. It is possible to 

adjust the cooling parasitics with output, thus consuming less power. 
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8.8 Power Matching 

It is possible to recover some of the ( 1-4%) power presently lost in the receiver due to flux 

variation. The value of this depends on the cost and reliability of additional electronics. A 

1 % increase in output could justify a cost of $1,000. 

8.9 Enhanced Monitoring, Replacement and Possible Recycling of Cells/Modules 
Presently there is about a 1 %-2% relative loss in output at a nominal module change-out 

rate of about 1 module per year. A monitoring system which could automatically identify 

poorly performing modules and flag them to be changed could mean a higher average of 

output of 1 %-2%. It is possible to recycle the cells/modules so that the receiver is always 

kept at its maximum output rather than just using the nominal O&M change-out rate which 

is 0.5 modules/year for the purpose of O&M modeling in the LCOE. 

Units 

Module efficiency * % 

0 h I t er mprovements 

Other efficiencies ** 

Increase concentration to 600x 

Total 

Total net performance improvement 

PDCSTC kW 

PACNOC (= PDSTC x 0.85) kW 

PNAC (= PDSTC x 0.835)"" kW 

Cost!W AC Tum Key at 65MW/yr 
production rate US$/WAC 

LCOE (from LCOE Model) US$/MWh 

Cost!W AC Installed at 500MW/yr 
production rate *** US$/WAC 

LCOE (from LCOE Model) US$/MWh 

Cost!W AC Tum Key at 500MW/yr 
production rate " US$/WAC 

LCOE (from LCOE Model) US$/MWh 

* Refer to module efficiency in Section 6.1 

** Refer to Figure 8-1 

Year 

Baseline 2009 

36.5 36.5 

1.0 1.03 

1.0 1.0 

1.0 1.0 

1.00 1.03 

36.5 37.6 

31.0 32.0 

30.5 31.4 

4.00 3.88 

88.05 85.47 

2.88 2.80 

70.46 68.40 

2.00 1.94 

56.64 54.99 

2010 2011 2012 

38.0 40.0 42.0 45.0 

1.05 1.08 1.1 1.1 

1.0 1.1 1.1 1.1 

1.1 1.2 1.2 1.2 

1.09 1.30 1.39 1.49 

39.9 48 51 54 

33 .9 40.4 43 .2 46.3 

33.3 39.7 42.4 45 .5 

3.66 3.07 2.87 2.68 

80.54 66.95 63.01 59.51 

2.63 2.21 2.07 1.93 

64.46 53.58 50.43 47.63 

1.83 1.54 1.44 1.34 

51.82 43.07 40.54 38.29 

50.0 

1.1 

1.1 

1.2 

1.66 

61 

51.4 

50.5 

2.41 

52.68 

1.74 

42.16 

1.21 

33.89 

*** Refer to Appendix 8 , we have assumed a Progress Ratio of 0.9 or 10% cost reduction per doubling of cumulative 
production which would represent a typical but conservative learning curve for PV systems and other mass produced goods . 
(Attached) 

"This is a progress ratio of 0.8 or 20% cost reduction, which has been typical for the PY industry. 

"" This takes into account TRANSOP losses but excludes dish dirt losses. 

Figure 8-2: Summary of effect on LCOE by performance enhancement and 'learning curve' cost reduction . 
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Tax incentives, as presently available in the USA, are included in these calculations. 

It can be seen that using typical Leaning Curve Progress ratio's of 0.9 and 0.8 to extrapolate 

the capital cost/W in US$/W AC from $4 to $2.88 and $2.00/W respectively gives rise to a 

range of (subsidised) LCOE's potentially as low as $40/MWh at a production rate of 500 

MW/yr with a module efficiency of 42%. This is competitive with any fossil based power 

generation cost. If the tax incentives are not included, the LCOE for this technology 

approaches about $70/MWh and is competitive with 'clean' coal. 

8.10 Other Formats 
A dense array CPV system may be deployed in several different formats including dish and 

central receiver embodiments. 

8.11 HCPV 
Large CPV power stations using dish technology clearly require a great number of 

distributed units for utility scale applications. The disadvantage of distributed units is the 

increased amount of physical infrastructure (wiring, cooling, power conditioning, etc.) and 

large number of small receivers. The ability to combine many of the active components 

into large central receivers in a Heliostat Concentrator PV (HCPV) configuration takes 

advantage of economies of scale, giving potential to significantly reduce system cost, as 

well as operation and maintenance cost. This is analogous to the advantages of central 

receivers vs. dishes for solar thermal applications. However, like for solar thermal 

applications, there is a performance penalty with HCPV due to the nature of heliostat 

tracking a fixed target (tower located receiver) compared to a dish tracking the sun 

directly. On the other hand, unlike thermal systems, the efficiency is not dependant on 

scale and this additional degree of freedom allows much greater flexibility in choosing the 

size of the 'repeatable optimum field unit'. Performance modelling, correlated by actual 

test results, and cost estimates by the researcher and co-workers indicate significantly lower 

capital and energy cost potential with HCPV. The transfer of the essential technology into 

the heliostat (central receiver) format was successful and achieved the target performance 

as designed. Much of the dish technology experience, including experience with dense 

array receivers, mirrors, tracking, control, cooling and management system, has been either 

directly applied or easily scaled up for the initial demonstration of 140 kWp. In our case, 

the scaling step has been relatively small to ensure high confidence in a successful 
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demonstration and to quickly develop an understanding of the performance, operational and 

cost differences of any new technology, e.g. heliostat structures, controls and CPV receiver 

response. 

The concept of a PV central receiver system was originally presented by Swanson, 1992. 

Photovoltaic central receiver systems or Heliostat CPV (HCPV) have the potential to be the 

optimum solar energy generation system for utility scale because it combines all the 

advantages of CPV (high-efficiency, high capacity factor, low cost). It centralizes the 

electric generation in a high-power central receiver, avoiding the cost of power and cooling 

fluid reticulation over a large field, and can have a collector field of heliostat chosen for 

minimum cost per area. Since the efficiency of HCPV is substantially independent of 

scale, this technology has considerable scope to minimise the cost by selecting the 

appropriate power blocks and subsystems with the lowest cost of fabrication, installation 

and O&M. In general, the total installed cost of a solar power station can be minimised by: 

Minimizing the amount of equipment to be deployed per MWp. This is substantially 

driven by efficiency and concentration ratio. Our 36cm2 dense array module with an 

efficiency of 37% at 500X (Lasich, 2008) is emerging as the most efficient solar 

energy converter available. 

Maximizing the proportion of pre-fabricated sub-systems, for example an 

appropriately sized heliostat can be factory assembled, pre-commissioned and 

shipped to site as a complete unit. As another example, lMW-scale HCPV receiver 

can be pre-assembled in factory and shipped to site in one piece. 

Rationalizing the infrastructure to reduce cost by minimizing field reticulation and 

cooling. For HCPV, concentrated light is used as the actual transfer medium to 

bring a large amount of power to a central point. A smaller number of large sub

system blocks are used to convert light to AC electricity. Typically larger 

components have a lower specific cost per MWp and greater efficiency. 

Traditional wisdom is that heliostat fields are typically 20% less efficient than dishes. If we 

consider just the simple optical efficiency this is generally true. If however a heliostat field 

is fully optimised for a particular location and adjustments are made to dish efficiency to 

represent the 'effective' energy generating capacity for a given mirror area, the results are 

quite different and somewhat surprising. 
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We see that by the time we collect, convert and connect to the grid the difference is very 

small (based on these indicative calculations) and probably less than 5% when the 

sensitivity is tested. 

Dish modelled optical efficiency (Typical) 

Modelled energy weighted optical efficiency for HCPV 

=90% 

=79% 

To obtain a more realistic comparison of the ability of these systems to generate net kWh, 

the following adjustments shown in Figure 8.3 can be made. 

,I Adjustments to dish performance to compare to HCPV Factor 

Dish projected area 129.7 0.957 
Total Mirror Area = = --

Total mirror area 135.5 

Dish field losses ( 1.50%) 0.985 0.985 
Field losses = = 

Helios tat field losses (0) 1.00 

Parasitics 

Pump Dish (Target 2010) 500W =2% 0.99 

HCPV large pump with high efficiency =1% 

Fan Dish (Target 2010) =2.5% 0.99 

HCPV (Some Wind Cooling) = 1.5% 

Dirt Cleaning - easier cleaning for HCPV than dish, assume for 0.99 

same cost of washing can get 1 % improvement 

Flux distribution? Same 0%-3% 1.02 

Inverter efficiency (larger inverter and higher voltage) 0.99 

Shading 0.97 

Dish =3% 

HCPV shading already included in model = 0% 

Total Derate for Effective Dish Optical Efficiency 0.896 

Figure 8-3: Adjustments to dish performance to compare to HCPV 
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For compariso~ purposes only this 'derate' of 0.896 could be applied to the dish optical 

efficiency. This results in an 'Effective' optical efficiency for the Dish of 81 %. 

Thus it can be seen that there is minimal difference between 'effective' performance of 

dishes at 81 % and HCPV at 79%. This it can be seen that when other factors are taken into 

account the handicap of the central receiver system in this case is quite small. 

Some other advantages of HCPV over Dishes 

Wind loading being less critical implies that the cost in foundations could be 

reduced; 

Washing is easier - heliostats can be smaller and flatter; 

Complete prefab of receiver and heliostat possible; 

No field wiring if it is solar powered radio controlled; 

• (IOW at $3/W = $30/heliostat from the solar panel) 

Possibly less fire risk; 

Better co-generation options; 

Ability to use extra heliostats during low intensity hours to keep plant at maximum 

output; 

Other thermal applications or H2 generation possible e.g. beam down; and 

Evolving production technology supports high volume repetitive production. 

A larger receiver has more options to achieve high voltage (720V could save 1 % in MW 

transmission and inverter loss). 

Figures 8-4 and 8-5 show the world's most powerful CPV array and 140 kW central 

receiver CPV system on sun. 

145 



Chapter 8 

Figure 8-4: The researcher with the world's most powerful CPV array. The array has an area of slightly less 

than lm2 and a power rating of 140kW at 500 suns. The 140kWncsTcsystem achieved specified performance 

with a peak DC efficiency of 25% including optical losses. 

Figure 8-5: 140kW central receiver system on sun. 
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8.12 Small Domestic 

A small CPV dish as shown in fig 8-6 is capable of producing 500W of electricity and 

1 OOOW of heat. This configuration could find economic application for small domestic sites 

where the 'thermal' power has high volume. 

8.13 Other Applications 

Concentrated solar radiation can produce very high temperatures of more than 2000°C or 

more (Lasich 2008) capable of driving many industrial processes which require heat. The 

researcher recorded a peak flux of approximately 2000 suns using the 'wand' in the small 

dish (fig.8-6) and melted Zirconia whish melts at above 2200deg C. For example, 

'calcining' cement is a major consumer of energy which could be driven directly from 

concentrated solar power. In this manner the overall energy efficiency can be greatly 

enhanced by avoiding the energy conversion step of producing electricity. The efficiency of 

this approach could be above 50%. 

Another approach is to apply components that are developed for CPV to other 'non solar' 

applications. For example the CPV receiver could be used for thermophotovoltaic (TPV) 

applications where the solar cells are driven by another light source such as radiation from 

a selective emitter heated by natural gas. 

8.14 Cogeneration 

8.14.1 PV Power and Low Temperature Heat 

It is relatively simple to use the low temperature heat (40°C) contained in the cooling water. 

This is only of value if there is a matching use e.g. fish farm requiring low grade heat for 

the hatching pond operating at 28°C. 

8.14.2 Spectrum Splitting 

High Temperature Heat 

This method of obtaining high temperature heat simultaneously with PV generation was 

invented and demonstrated by the researcher. (See Lasich 1993, AUS731495). The system 

splits out long wavelength light at wavelengths longer than 1.1 µm and refocuses it to a light 
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guide which can pipe the light to a point of use. A temperature of 1000°C can be achieved 

by using this technique. 

Figure 8-6: The researcher demonstrating a small CPV dish with a spectrum splitter invented by the 

researcher (Lasich, 1993). Piped light is produced at the same time CPV power is being produced. 
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Hydrogen 

The above method may also be used to provide DC electricity and heat simultaneously to 

drive an ultra high efficiency hydrogen electrolysis process (see Figure 8-7). This has been 

demonstrated by the researcher and is described in Patent No AUS731495 and McConnell, 

Lasich and Elam, 2005. 

reflected 
solar 

incident 
solar ~ 

receiver 

receiver 

-~ 
, , 

, , 

, 

Figure 8-7: Shows basic principles of CPV dish system with spectrum splitter which reflects infrared 

radiation to be collected of the vertex of the dish 

8.15 Thermal Applications 
In this case only heat was generated from the concentrated beam to reform natural gas to 

produce hydrogen. The peak concentration was 1500 suns. The solar thermal dish in Figure 

8-8 was optimised to operate at approximately 1000 suns for hydrogen production by 

reforming natural gas at 750°C (Edwards, 2002). 
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Figure 8-8: Hydrogen Dish designed and built by the researcher and co-workers for the CSIRO to reform 

natural gas at 750 deg C to make hydrogen. The black louvers are to regulate the concentrated solar power. 

8.16 Correlation of Efficiency Improvements with Sales 
It is noted by the researcher (Lasich, 2007) that there appeared to be a correlation between 

advancing system efficiency and market demand for the system, with the log of annual 

production over time being roughly proportional to the efficiency increase. If this 

relationship could be established, it could provide a strong supporting argument for 

investment in improving system efficiency. This could in turn increase the penetration into 

the market and accelerate the use of clean renewable solar power. 

8.17 Embedded Energy and Energy Payback Ratio 
The researcher has made an estimate of the 'embedded energy' in the 130m2 dish system, 

with the resulting payback time being approximately 1 year with an 'energy payback ratio ' 

over 25 years of approximately 20 times. This estimate appears to be supported by (Peharz, 

2005) who estimates 0.9 years for the 'Flatcon concentrator system' . It is interesting to note 

that according to (Meijer, 2003) and (Gagnon, 2005) this would place concentrator systems 

as being similar to wind power and more favorable than flat plate PV which has a payback 

time of 3 to 6 years. It is also interesting to note the inherent design which reduces 

embedded energy also minimizes product rollout constraints due to exotic material 

availability, with annual production rates of several TW /year being possible at 500 

suns.(Kurtz.S.2008) 
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The CPV technology developed by the research has been deployed in 5 power stations in 

central Australia with a total of almost 1 MWp installed. At the time of writing the total 

energy generated from these plants is more than 3 GWh with 1.5 GWh being generated 

from multijunction CPV dishes and central receiver. The power station sites are, in 

chronological order: 

• White Cliffs, New South Wales 

o 14 parabolic dishes (1980's solar thermal systems, reconfigured in 

1998 for PV generation, retired in 2004) 

o 250X optical concentration (25 W /cm2
) 

o Point-Contact silicon cells 

o Total peak DC power: 40 kW 

o Returned field experience, demonstrated 20% efficiency and gave 

insight for future developments 

• Fosterville, Victoria 

o Testing facility of Solar Systems 

o 2 parabolic dishes of 20 kWp each 

o Point-Contact silicon cells at 45 W/cm2 

o Used for system development and R&D 

• Pitjantjatjara, South Australia 

o 10 parabolic dishes installed since 2002, 

o Total peak DC power: 360 kWp 
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• Hermannsburg, Northern Territory (See Figure 9-1) 

o 8 parabolic dishes installed since 2005 

o Total peak DC power: 190 kWp 

• Yuendumu, Northern Territory 

o 10 parabolic dishes installed since 2005 

o Total peak DC power: 240 kWp 

• Lajamanu, Northern Territory: 

o 12 parabolic dishes installed since 2006 

o Total peak DC power: 290 kWp 

Figure 9-1: Hermannsburg 190 kWp power station. Dish 2W discussed in Chapter 5 is second from the right. 
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CHAPTER 10. CONCLUSIONS 

The hypothesis was that there is a new pathway to lower the cost of solar power and to 

prove that a high concentration PV system with a separate collector and 'dense array' 

receiver could be shown to work reliably, achieve high efficiency and have the potential for 

low cost. If this hypothesis were to be satisfied a number of challenges had to be met 

including: 

Developing and cooling a photovoltaic receiver which could work efficiently and 

reliably in a concentrated light beam which can melt steel 

Developing the first 'back contact' multijunction CPV cell 

Developing and correlating a realistic ray tracing/receiver model 

Developing an optical system which can deliver an evenly distributed light beam to 

the PV cells at 500 suns intensity 

Tracking and managing the system to maintain high performance over long periods 

of varied weather conditions and loads 

Monitoring and measuring the performance and reliability of these subsystems 

requiring new techniques and metrics to be developed 

All of the above problems were solved resulting in a new 'reflective-dense array' 

technology with a peak DC STC efficiency of more than 28% at 36kW. The researcher 

believes this system may have the highest long term performance published for any solar 

power system at 22% average annual AC efficiency (Lasich, 2009) and the system: 

Has operated for 6 years with quantified output (using multijunction cells for the 

last 3 years) producing over 4 GWh in total with 1.5 GWh from multijunction cells. 

Has potential for low capital cost $4/W Ac at 50MW /year and less than $2/W at 

500MW/year with an unsubsidised LCOE at $100/MWh. This is competitive with 

coal fired power stations which account for their pollution. 
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Has a maximum scope for continued improvement in performance smce the 

efficiency of a small area of cells can continue to increase at the present rate of 1 % 

absolute per year with little influence on the system cost. 

Has scope for two different formats of CPV as a dish or central receiver and has 

diverse application for cogeneration or other high value applications such as 

hydrogen production for storage or fuel. The peak efficiency for cogeneration is 

estimated to be 60%. 

During the journey of this research, a number of other discoveries were made in relation to 

this unique CPV system with reflective collector optics and a separate receiver/energy 

converter, including: 

Containment of all the complex components of CVP modules, monitoring and 

secondary optics in a small demountable receiver 

Has a very low manufacturing cost at less than one tenth of the plant cost for a 'one 

sun' PV module plant for a given production rate. 

Can be fully monitored and managed 'on line' at low cost resulting in reduced 

O&M and high average efficiency 

Can be simply upgraded by changing the receiver in less than one hour. 

Reflective optics with a single receiver are more efficient than refractive optics with 

many targets because; 1. Mirrors have a reflectivity of 95% whereas lenses have 

transmission up to 90%, 2. Alignment is less critical for many mirrors aimed at a 

single target and 3. Feedback can be used to almost perfectly align a single solar 

beam with the needs of a single array of CPV cells. 

CPV systems have the lowest embodied energy of any solar power system (approx 

1 year) being comparable to wind turbines but with a far greater resource available. 

With the power output of the CPV modules being more than 1000 times greater 

than the typical thin film module (of the same area), CPV is unlikely to be 

constrained by limited supplies of exotic materials. 
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The modular dense array receiver can be deployed at any scale from a single 

module 500W receiver in a small dish to a 256 modules in a 140kW receiver for a 

central receiver. With 40% efficient cells a 1 MW dense array is just 6 m2. This 

allows a great degree of pre-fabrication and pre-commissioning for large scale roll 

out. 

Reflective concentrator systems with a high power single beam as developed by the 

researcher for CPV are versatile and can be used for other applications which do not 

include PV. This gives greater value to the concentrator system technology. 

The 140 kW central receiver 'HCPV' system produced a peak DC efficiency of 

25% (equivalent to 22 % AC) which is possibly the highest efficiency recorded for 

a central receiver system. 

The sum of these findings is that a CPV system with reflective optics and a separate dense 

array PV receiver is the most efficient of any solar power technology and has a clear 

pathway to a competitive cost. With its unique potential for continuous improvement and 

diverse application this is likely to be one of those technologies which can take our world 

one step closer to the 'balance' we need for sustained occupation of this planet 

Also during the period of this research (10 years) there has been considerable change in the 

'other' two components of the 'critical mass' referred to in the introduction, namely: social 

awareness of energy and pollution issues are now topics aired daily in the media and are 

discussed by and concern the public at large. Today 46 counties have publically stated their 

greenhouse reduction targets (The Age, 3 November 2009). 

Traditional energy costs have also increased considerably with the oil price more 

than doubling since writing the introduction. 

A second part of the 'technical solution' on the demand side has also received 

considerable attention with energy efficiency being supported by governments and 

embraced by consumers. 

I think the state of affairs is well reflected by the econorrucs editor in The Age, 21 

November 2009 who stated 'Nationally, some 30,000 MW of future power projects are on 

the drawing board, of those 10,000 MW are from wind, along with 9,500 MW from gas and 

3250 MW of coal'. With just 10% of new projects planned to be coal fired perhaps the 

world is turning. 
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CHAPTER 12. APPENDICES 

Appendix 1 Multijunction Receiver - Daily Energy Production Rate (k Wh/k Wh/m2) 
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Appendix 3 Module Performance for Receiver 61 Using Xenon Flash Test at 500 Suns 

and 21oC 

The average module temperature is 35.7°C 

Ave Power 643.4 , Watts 

1

I Low 1622.69 I Watts 

I High 1659.15 I Watts 

I Std Deviation 10.1631166 
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Appendix 3 cont'd. 

Certificate of Performance for multijunction receiver. 

CERTIFICATE OF PERFORMANCE 

D11U!; Time ~· 
22/05/2008 11 :00:00 AM 
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Correc~d 50 (W/cm " 2) at 21 (oC) 

Voc(V) 

308.8 
lsc (A) 

162.9 
Vmp (V) 

256.4 
Imp (A) 

156.4 
FF(%) 

79.7% 
h1flciency (%) 

34,8 
Output Power (W) 
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Appendix 4 CPV Companies (These tables are a work in progress, since data varies rapidly) 

BUNK 
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Appendix 5 Flat Plate PV (High Efficinecy) 

BENEFITS 

Highest Efficiency 
SunPower™ Solar Panels are the most 
efficient photovoltaic panels on the 
market today. 

More Power 
Our panels produce more power in 
the same amount of $p<JC~up to 50% 
more than conventional designs and 
1 00% more than thin film solar panels. 

Reduced Installation Cos1 
More power per panel means fewer 
panels per install. This ~es both time 
and money. 

Reliable and Robust Design 
Proven materiali , tempered front gloH, 
and a s1urdy anodized frame allow 
panel to operate reliably in multiple 
mounting configurations . 

SPR-3 l 5E-WHT-D 

The planers most powerful solar panel. 

Th e SunPow er™ 3 15 Solar Panel provides today's highest efficiency 

and performance. Utilizing 96 bock-wntact solar cells, the Sun Power 

3 15 delivers a total panel conversion effic iency of 19.3%. The 3 15 

panel's reduced voltoge-temperolure coefficient, a nti-reflective gloss and 

exceptional low~ ig ht performance attributes provide outstanding energy 

delivery per peak power watt. 

Peak Walts / Panel 

Efficiency 

~ Watb I ft2 !m2J 

Thin Film 

65 

9 .0J:. 

B [90J 

Con'\enlional 

215 

12.8% 

12 11281 

AboutSun~er 

SunP~r 

315 

19.3% 

1811931 

Sun Power designs, manufactures and delivers high-performance 

solar electric te chnolosy worldwide. Our high-effi ciency solar ce lls 

senerate up to 50% more power lhan conventional so lar ca lls . 

O ur high-performan ce solar pane ls, roof tiles and trackers de liver 

signi fi oo ntly more energy than competing sys tem s. 
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bp solar 
175 W att Photovoltaic Module 

High-effic;ienc;y photovoltaic; module using silic;on nitride monoc;rystalline silic;on c;ells. 

Performanc;e 
Rated pow er !Pmaxl 
Power to lerance 
Nominal voltage 
Limited Warranty1 

175W 
:t 5% 
24V 
25 years 

Configuration 
BP 41758 Framed module w ith output cables and 

polarized M ult icontact (MC) connectors 

EleGtric;al CharaGteristic;s2 

Maximum pow er (Pmax)3 

Voltage at Pmax 01 mol 
Current at Pmax (l m0J 
W arranted minimum P,.,,. , 
Short-ci rcuit curren- fl,.,) 
Open-circui voltage (V00) 

Temperature coefficient of 100 

Temperature coefficient of V 0 0 

Temperature coeff1c1ent of pow er 
NOCT !Air 20°C; Sun O.BkVV/m1

; wind l m/s) 

M aximum series fuse ra ing 

BP 4175 
175W 
35.7V 
4.9A 
166.5W 
5.4A 
44.0V 
(0.065±0.015)%/ ' C 
-(1 60± 1 O)mVj°C 
-(0.5:&05)%/ °C 
47:t2°C 
15A(S, L) 

Maximum system voltage 600V (U.S. NEC & IEC 6 2 15 rat ing) 

Mec;hanic;al CharaGteristic;s 
Dimensions Length: 1595mm (62.8 " } Width: 790mm (31 . 1 ") Depth: 50mrn (1.97") 

Weight 

Solar Cells 

Output Cables 

Diodes 

Construction 

Frame 

15.4 kg {34 0 pounds) 

72 cells (125mm x 125mm) in a 6x12 matrix connected in series 

RHW AWG# 12 (3.3mm) cable with polarized weatherproof DC rated 
Multicontact connectors; asymmetrical lengths - 1250mm (-)and 800mm (+ ) 

lnt•graBu:;™ technology incluaes Schottky by-pass diodes 
integrated into the printed circu it board bus 

Front: High-transmission 3mm (1/81h inch) tempered glass; Back: Tedlar; 
Encapsulant: EVA 

Bronze anodized aluminum alloy type 6063T6 Universal frame 

Chapter 11 

p 417 

1. Module W arranty: 25-year limited w arranty of 80 % pow er output ; 12-year lim ited \•Varranty of 90% pow er out put; 5-year l <n•t ed w arranty of 
materials and w orkmanship. See your local 'epresert ative for full te rm s of these warrant ies. 

2. These data represent the performance of typical g p 4175 products. an.cl are based on rreasurer"ents rnade in accordance ··.v1:r ASTM :: 1036 
corrected to SRC 1s·;-c __ , 

3 Durir>g the stabil ization precess that occurs durirg the hst few months of deployment, module pow er "na'{ decrease by up to 3% frcm 

typica1 P ,,..,_ 
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Quality and Safety 
ESTI Module power measurements ca librated to World Radiometric Reference through 

t:STI IE:: uropean Solar Test Installation at lspra, Italy) 

BP 4175 l·V Curves 
Listed by Underwriter 's Laboratories for electrical ano fre sa'ety 
(Class C fre rating) 

Certified to l t:C 61215 standards by ASU/PTL 

Qualification Test Parameters 
Temperature cycling range 
Humidity reeze. damp heat 
s•at1c load front and back (e.g. wind) 
Fro t loading (e.g. snow) 
Hails one impact 

-40°C to +85°C (-40°F to 185°F) 
85% RH 
50psf (2400 pascals) 
113psf (5400 pascals) 
25mm t1 inch) at 23 m/s (52mph) 

~ 

= ~ 
:::l 
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3.0 

' I 
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I 
I 
I 

1.0 I 
I 
1 
I 

0.0 
0 20 40 
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Module Diagram 
Dimensions in brackets are in inches. Un-bracketed dimensions are 1n millimeters. Overall tolerances ±3mm (1/8" ) 

· ;~3 '.52.11 
lrd1.dss scr0"f1 rm 

~rolee11"" 

Gtcuno~le 
2 ~ace.9 

12, J\0;5J X 9,EI0,31 
•.twidrg ~o!S 

9 ~ac,. 

Zill0.81 
a Pl!css 

2.ero.111 t.1ax oc ... ,, 
heed orojeciion 

8pbc"' 

i------7'3CIJ I, f-----

S.Verslon 

i------755129.11------i 

!15() 137.41 
2P· 

J:Z l 112.71 
lnclJdes sctew 
re=d , 4 ::i~e:; 

ll,S :c,;1 
2Fboas 

2.4 r.1.re1 

17 11 . 11 
Section A· A 

Self-tapping grounding screw, instruction sheet, and warranty document included w ith each module. 

Note: This publication summarizes product warranty ano specifications, which are subject to change without not ice. 
Additional info rmation may be found on our web site: www.bpsolar.co1l1 
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Appendix 6 Flat Plate PV Module 'Thin Film 'Example 

Solar modules 

-------------~--

FIRST SOLAR - FS-262 I FS-265 I FS-267 I FS-270 I FS-272 I FS-275 

Solar modules are the key element of every solar power system as they convert sun light into electricity. Their quality, 

reliability and performance are the refore critica l for the yie ld and profit of your system . Solar modules based on thin-fi lm 

technology a bsorb a pa rticularly wide spectrum of sunlight . This enables the effective use of the sun 's power - even under 

less than ideal sunlight conditions . 

173 

The advantages at a glance: 

» 62.5; 65; 67.5; 70; 72.5 and 75 Wp power output 

available 

» Tested independently from the manufacturer 

» Reliable power generation through high 

temperature tolerance and high performance, 
even in diffuse sun light 

•> High efficiency and stable output power provide 

reliably high performa nce over a period of many 

years 

•> 25-year performance guarantee* at 80 % of 

the minimal rated power output 

•> 10-year performance guarantee* at 90 % of 

the minimal rated power output 

•> Frameless solar module 

•> Pre-funded end-of-life take back and recycling 

.. Tne manuracturer's warranty conditions apply 



Parameters 

600 

~ 

6,8 

First Solar has consistently focused on thin-film techno logy 

and is one of the international leading manufacturers of 

solar modu les, primarily in the larger solar power plant 

sector. The company manufactures sola r modules using 

a highly-developed semi-conductor coating process that 

red uces modu le manufacturing costs whi lst ensuring high 

performance yields in the field . 
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Mechanical parameters 

length [mm] 1200 

Width [mm] 600 

Depth[mm] 6.8 

Depth with connection socket [mm] 19.9 

Weight [kg] 12 

connection socket (manufacturer) Ftrst Solar 

Positive cable (manufacturer/ length [mm]/ General Cable/610/ 3.2 
cable cross-section [mm']) 

Negative cable (manufacturer /length [mm]/ 
General Cable/610/3.2 

cable cross-section [mm']) 

Plug connector (manufacturer/ type) Multt-contact/MC3 

Front cover (material/ thickness [mm]) Tempered glass/3.2 

Cell type (quantity/ technology) 116/CdSICdTe 

Cell embedding (material) Ethylene vinyl acetate 
(EVA) with edge seal 

Rear cover (material/thickness [mm]) Tempered glass/ 3.2 

Frame (material/profile type) Frameless 

Warranties 

Product warranty 5-year product limited warranty* 

Performance 
guarantee 

1 O years at 90% of the minimal rated power output• 
25 years at 80% the minimal rated power output" 

• The manufacturer's warranty conditions apply 

Qualifications and Certificates 

IEC 61646 

TOV safety class II 

~ 
TUV 

CE: 



Electrical parameters 

Electrical parameters for STC (1000 W/ m' , 25 (+/- 2)>C, AM 1.5 according to EN 6090-4) 

Article number 100285 100284 100287 100288 

Power output [P mppl 62.50 65 .00 67.50 70.00 

Power output tolerances [%] +/- 5 +/- 5 +/- 5 +/- s 

Efficiency[% ] 8.68 9.03 9.38 9.72 

Max. voltage V mpp [VJ 62.50 63.70 64.60 67.10 

Max. current Imp, [A] 1.00 1.02 1.05 1.04 

Open circuit vo ltage V"' [V] 86.00 87.00 87.00 89.00 

Short circuit current I" [A] 1.17 1.17 1.18 1.19 

Electrical parameters for BOO W/ m' , NOCT, AM 1.5 NOCT ~ Nominal Operating Cell Temperature, 
cell temperature under nominal operating conditions 

Max. power output P,,. [Wp] 46.90 48.80 50.60 52.50 

Max. voltage Vm.,, [V] 59.00 60.00 61.00 63.00 

Max. current '""'• [A] 0.80 0.82 0.84 0.83 

Open circuit voltage v., [V] 80.00 81 .00 80.00 83 .00 

Short circuit current I" (A] 0.96 0.96 0.97 0.97 

Reverse current loading capability 1, [A] 2 

Max. permissible system voltage v,,.., [V] 1000 

Efficiency variance from 1000 W / m2 to 200 W/ m' (Tmodule ~ 25° C), + 2 (Increase!) 

Parameters ot the thermal characteristics 

NOCT [° C] 45 

Temperature coefficient of the short circuit current I" [%/K] + 0 .04 

Temperature coefficient of the open circuit voltage V
0

, [%/ K] - 0.25 

Temperature coefficient of the M PP power P mpp [%/K] - 0.25 

Operating conditions 

100270 

72.50 

+/- s 

10.07 

67.90 

1.07 

90.00 

1.19 

54.40 

64 .00 

0.85 

83 .00 

0.97 

Max. operating temperature[• C] - 40 to+ 85 

Max. snow load [Pa] according to IEC 61646 

Max. wind load [Pa] according to IEC 61646 

Subject to modl flcaUons and error> 
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Parameters j 

100271 

75 .00 

+/- 5 

10.42 

69.40 

1.08 

9200 

1.20 

56.30 

66.00 

0.85 

86.40 

0.97 
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Appendix 7 Experience curve (also known as learning curve) 

The General Form of the Experience· 
Curve is the Power Curve 

• P(t) = P(O) x [q(t)/q(O)]"-b 
Where: 

P( t) = average price of a product at time t 

q(t) = climulative production at time t 

b = learning coefficient 

• PR= 2"-b 
Where: 

PR= progress ratio. For each doubling of cumulative 
production the MC deGreases by (1-PR) percent. . 

R. M. Margolis, HDGC Semi~ar, Oct. 16, 2002, page 6 

Application of Progress Ratio to Dish Costs 

From R. M. Margolis, 'Experience Curves and Photovoltaic Technology Policy' (Margolis, 

HDGC Seminar, Oct 16 2002) of 10% cost reduction per cumulative production output 

doubling (being the Progress Ratio (PR) of 0.9%, typical of this type of product), we have:-

PR= z·b where PR = 0.9 

ln(0.9) = - b In 2 

b = _ ln(0.9) 
ln2 

b = 0.16 
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If the cost is $4.00/W at 65 MW, then the cost P(t) for 500MW is:-

P(t) = P(O) x [q(t)/q(O)rb 

= 3.9o x c500165r0
·
16 

= 3.9 x 0.72 

= $2.88 

If the Progress Ratio (PR) = 0.8 (for 20% cost reduction per cumulative 

production output doubling):-

PR= 0.8 = 2-b 

b = -(ln0.8) = ( =- 0.22) = 0.34 
ln 2 0.65 

P(t) = 3.9 x (7.69r0
·
34 

= 3.9 x 0.5 

= $2.00/W at 500 MW/annum 
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Appendix 8 Screen Shot for Dish 2W at Hermannsburg with Refitted Rx 61 showing a 

system efficiency of 28% at near full power. 

Average module efficiency equal 36.7% at STC. 
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CHAPTER 13. LIST OF ACRONYMS 

2W - Solar dish '2-West' at Hermannsburg power station 

A/W - Amps per Watt 

AC - Alternating Current 

AOD - Aerosol Optical Depth 

AM-AirMass 

BoS - Balance of System 

CAD - Computer Aided Design 

CCS - Carbon Capture and Storage 

CdTe - Cadmium Telluride, thin film PV 

CSG - Crystal Silicon on Glass 

Cmax - Peak concentration ratio 

Copt - Optimum concentration ratio 

CPV - Concentrator Photovoltaic 

CSP - Concentrating Solar Power 

CST - Concentrating Solar Thermal 

DC - Direct Current 

Dish 1 W - Solar dish 1-West at Hermanns burg Solar Power Station 

Dish 2W - Solar dish 2-West at Hermannsburg Solar Power Station 

Chapter 11 

DNI - Direct Normal Irradiance, kWh/m2/day, solar radiation from the sun's direction 

DSR - Direct Solar Radiation, W /m2 

Eg-Bandgap 

EPR-Energy Production Rate, kWhJk:Whph/m2 

EQE - External Quantum Efficiency 

EV A - Ethylene Vinyl Acetate 

FEA - Finite Element Analysis 

FM - Flux Modifier 

GaAs - Gallium Arsenide, PV cell material 

GainP/GalnAs/Ge - Layers of triple junction PV cell 

GW - Gigawatts 

GWh - Gigawatt hours 

HCPV - Heliostat Concentrator PV (will be referred to as C2PV in future) 
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RMI - Human Machine Interface 

kW - kilowatts 

kWh - kilowatt hours 

kWhe- kilowatt hours electrical output 

kWhph - kilowatt hours of photonic energy incident on a collector 

LCOE - Levelised Cost of Energy 

LED - Light Emitting Diode 

MPP - Maximum Power Point 

MJ - Multijunction PV cell 

MW - Megawatts 

MWh - Megawatt hours 

NOCT- Normal Operating Cell Temperature 

NREL- National Renewable Energy Laboratory (US) 

N-S - North-South 

n-type - type of semiconductor 

O&M - Operations and Maintenance 

p-n junction - Interface where two types of semiconductor material meet 

PNAC - Nominal AC power output 

WOT-Water Optical Thickness 

p-type - type of semiconductor material 

PV - Photovoltaic 

QA/QC - Quality Assurance/Quality Control 

Rs - Series resistance 

Rsh - Shunt resistance 

Rx - Receiver 

SEGS - Solar Energy Generating System plant in California, US 

SOC - Standard Operating Conditions at 1 OOOW /m2 and 25 deg C 

STC - Standard Test Conditions of 1000W/m2 and 25 deg C 

SR - Spectral response 

T cell - Average cell temperature (°C) 

Chapter I I 

TRANSOP - 'Derating factor' which allows for operation and power transfer losses 

V MP - Voltage at maximum power point 

V 0c - Open circuit voltage 

W - Watts 
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CLOSE·PACKED CELL ARRAYS FOR DISH CONCENTRATORS 

J.B. lasich, A. Cleeve, N. Kaila, G. Ganakas 
Solar Research Corporation Ply. Ltd., 

6 Luton Lane, Hawthorn, Victoria 3122, Australia 

M. Timmons, R Venkatasubramanian, T. Colpitts, J. Hills 
Research Triangle Institute, 'RTP. USA 

INTRODUCTION 
Globally, 60 MW of photovoltaic (PV) equipment per 

year is sold and produces a revenue of about half a billion 
dollars. As a percentage of the 5,000 billion<1

> or more 
~ollars revenue generated from conventional energy, this 
1s about 0.01%. Rather than take the view that PV is 
insignificant, we see a very large market yet to be tapped. 
To be a contender for a significant portion of this diverse 
and expanding market, an installed system cost of about 
US$3.00 per watt must be achieved. At this level, with 
appropriate financial security, PV power plants of suitable 
scale can be commercially financed. PV/Dish 
Concentrator Systems offer an avenue to this $3/watt 
goal and beyond, having the greatest scope for efficiency 
improvement and cogeneration. .... 

Although PV concentrator systems are complex 
re'lative to flat-plate systems, they are simple when 
compared to solar thermal (steam) systems ~ a 
technology which is the most advanced of any solar
electric technology. 

The two main components of the system under 
development are: 

1. PV modules with close-packed cells for "stacking" into 
fully active receivers of any scale. 

2. Parabolic dish concentrator system with supports and 
interface. 

The advantages of this approach are many and 
include the following: 

Advantages of a GaAs receiver are: 
• high efficiency - in excess of 28% has been recorded, 
• high cell voltage - requiring fewer series-connected 

cells to produce useful voltage, 
• high concentration - GaAs cells have been run at 

more than 2000 suns <21 

• GaAs can be used as the lower cell of a cascade 
tandem where, for instance, GalnP2 may be grown on 
top using the same technology - efficiencies of the 
order of 32% at 500 suns, AM1 .5 are expected <31 ; 

• a significant portion of the solar spe.ctrum, 38%, is still 
available for co-generation. (Methods of separation, 
concentration, and utilisation of IR have been 
demonstrated by Solar Research Corporation.). 

Advantages of a Silicon receiver are: 
• High efficiency in excess of 25% has been recorded. 
• Abundant low cost materials for large scale 

applications. 
• most developed technology {advanced back contact 

silicon cells facilitate close packing)<41 , 
• medium concentration : 200-300 Suns relaxes 

performance requirements of concentrator/tracking 
system. 

• 25% of the spectrum is still available for cogeneration. 

SYSTEM REQUIREMENTS 
To demonstrate the concept, a system consisting of 

a 1.5m parabolic dish, a 36-cell GaAs module and a 10-
cell Si module have been built and are shown 
schematically in Figures 1 & 2. 

Incorporation of the components into a system provided 
Advantages of a dish concentration system are: many new challenges, including the development and 
• requires smallest receiver of any concentration optimisation of: the dish concentrator, flux modifier, cell 

system; the advantages of a small receiver are that array, cell-heat sink interface and heat sink. Specific 
each has a small area of expensive PV cells, the ~onsiderations and developments for each component 

·- - -cooling-system-is-small;-and-the-units are-serviceable-- - _!_ncluQ_~;______ _ _ _ ____ _ _ _ _ _ 
- receivers can be exchanged and serviced in-house, - - - -- - -- - - -- - --

• dish technology is developing well for thermal Dish: 
applications; steam. Stirling and thermochemical Size, rim angle, mirror type, tracker accuracy, general 
programs are pr.educing excellent dish systems, tolerances applicable to PV receivers. 

• PV cells operate more efficiently at the higher 
concentrations available with a dish, Flux Modifier: 

• the highly concentrated beam facilitates the option to This component delivers the necessary even, flat 
split and redirect the unused part of the spectrum solar flux distribution to the PV receiver, straightens 

___ (!!l~stly IR) effectively for cogeneration applications, the rays improving absorption and increases the 
• the entire system efficiency may -be upgraded aC a- - -- - ·apparent- si~e-of--the -cell array, thus-maximising _ 

fraction of system cost by upgrading the receivers system efficiency, and reducing the required tracking 
only. accuracy. 



Heat Sink: 
The Heat sink is capable of sin.king high heat flux 
(f ypically 50 W/cm2

) of thermal energy from the cells 
and maintain cell temperatures befow 50°C. 
Constraints include: low pressure drop, high heat 
transfer coefficient and small footprint. 

Cell-Heat Sink Interface: 
To cool and electrically isolate the PV cells from the 
heat sink, a metallised ceramic substrate has been 
developed to provide a high heat transfer area for cell 
mounting and electrical interconnection. This 
component is bonded directly onto the heat sink. 
Thermal mismatch between the metal and ceramic 
has been accommodated by proprietary design. 

Cells/Array: 
To maximise power transmission, a large number of 
small, series connected cells are required to provide 

· high voltage and relatively low currents at high solar 
concentrations. The problem of close packing many 
small cells was overcome by using interconnected n
P and p-n GaAs cells. The smcon receiver relies on a 
monolithic array of back contacted cells. 

SYSTEM PERFORMANCE 
A 1.5 m diameter dish has been designed, fabricated 

and tested with both Si back contact cells and GaAs 
cells. Table 2 shows the periormance of the receivers. 
Electrical efficiency around the 20% mark have been 
achieved generally, and for Case 3, a cogeneration 
system was run simultaneously producing 135 W thermal 
and developing 1100°C in a separate receiver. The 
overall efficiency of the two receivers was 31.8%. 

The measured heat sink thermal conductance is 
approximately 1.7 W/cm2/°C @ 1.5 e/min, and the 
pumping (fo.r cooling) required less than 2 per cent of the 
power while maintaining cell temperatures about or below 
50"C. The flux modifier has been tested; showing a 
highly uniform delivery of solar energy to the cells which 
is reflected in a 60% improvement in receiver output. 

The p-n and n-p GaAs cells have been fabricated, 
modelled and actual performances (average for 18 cells 
of each polarity to be mounted in the array) are shown in 
Table 1. 

Table 1 

Cell Voe 1.c FF Tl 
(V) (mA) (%) I (%) 

p-n 1.022 6.07 83.6 24.2 
(Measured) ' 

p-n 1.046 5.68 88.5 25.0 
(Modelled) 

n-p 1.000 5.95 I 85.0 23.5 
(Measured) 

n-p 1.046 5.73 83.7 23.9 
{Modelled) 

' 

The GaAs efficiencies are based on active device area 
(including grid), and the currents are matched to within 2 
per cent. 

CONCLUSIONS 
The concept for a dish PV concentration system has 

been successfully demonstrated in a 1.5-m-diameter dish 
system. A single close packed Silicon array produced 
more than 200 Watts with an efficiency of 22% at 239 
suns and a GaAs module produced 85 Watts with an 
efficiency of 18.3% efficiency at 381 suns. 

We believe these are the highest on sun efficiencies 
recorded for close-packed series connected high voltage 
concentrator modules at high concentration. (BV for Si 
and 40V for GaAs). 

Complete receiver efficiencies in excess of 20% are 
expected to be produced within the course of our R&D 
program. A 16 V Silicon module is under development. 

The series connection of the n-p and p-n GaAs cells 
has been successfully demonstrated with good current 
matching and an average of V0c = 1.1 volts per cell. A 
packing factor of 0.88 has been achieved and it is 
expected to reach 0.96. 

Utilising the IR component from dish PV, it is 
possible to achieve even greater overall efficiencies from 
synergistic processes. Total receiver efficiencies of 
31.8% have been demonstrated for a combination of 
electricity and high grade heat (1100°C) outputs. At this 
temperature the heat has high value and can be used io -
produce super-heated steam - power a furnace - operate 
low band gap solar cells - drive a thermo-chemical 
reaction, to name a few applications. 

The receiver modules are self-contained with all 
components being within the shadow of the cells. This 
aillows modular stacking into receivers of any scare. 

To prove this concept at a substantial level, a 5-m· 
diameter dish has also been commissioned for large· 
scale tests (3 kW electric, 2 kW thermal). A 100 kW 
system using a 400 m2 dish is also contemplated. 

Using high efficiency receivers, costing less than 
20% of total system value, the well-known economies of 
scale for the remainder of the system, i.e. steel, 
concrete, glass and plastic, will assist with the financial 
leverage required to commercialise the product. 

(1) 

(2) 

(3) 

(4) 

BP Statistical Review of World Energy, June 
1992. 
Solar Research Corporation Pty Ltd., 
unpublished data. · 
Research Triangle Institute, unpublished data. 
CeHs supp!.ied by SunP·ower Corporation. 



Case V.,,, 
No 

Ga.As Module 
Volts 

Cell arrangement 
allrenate series 
coMection of 1 39.75 
18 n-p cells 
with 18 p-n cells 
Module size I 2 39.7 
3.2 cm x 3.2 cm 
Flux Modifiers 
used 

Silicon c ... V1o94 Voe 
No Volts Volts Module 

10back 3 6.40 
I 

=7.9 
contact 
Cens series 4 6.23 -
COMected. 
Module size 5 6.30 -
6 cmxacm 
Flux 6 6.35 7.97 
Mod"lfication 
used I 

To be confirmed. 

System Description & Performance 
Table 2 

' 'IC FF Power i 
•4 Module Module 

Watts 
c, 

Temp 
Amps Suns efflcency •c 

% 

2.25 
I 

0.8·1 71.5 I 

381 
I 

18.3 44.0 

2.67°3 0.8·1 85 .. 0 469 17.7 32.5 

1_ 1 •• FF Power Cr Module Cell 
Amps Amps Watts 111lclency Temp Suns % •c 

29.2 33.0 187°2 282 18.4 I 30 

30.5 - 190 239 . 22.1 34 

30.9 - 195 248 21 .7 34 

32.7 
I 

35.1 0.74 207 264 21 .8 29 

I 

Packing lrradlance 
Factor 

W/m2 Dlrect 

0.88 836 

0.88 982 . 

Paclting lrradiance 
Factor W/m1 dltect 

I 

0.96 933 

0.96 793 

0.96 815 

0.96 867 

Fill Factor (FF) for unconnected cells averaged 0.835. A FF of 0.8 has been assumed under series 
connection 

.. 

Simultaneously with this electrical production, infra-red radiation was split from the primary beam and 
refocussed to simultaneously generate a temperature of 1100 °C in a separate secondary receiver. This 
thermal power was later measured to be at least 135 Watts. 

This approximates to a thermal receiver efficiency of 13.4% based upon the incoming flux to the primary 
receiver of 1008 W. 

The total receiver efficiency is thus 31.8%. 

Sublinearity ::Id 96.4% 

1 Sun = 1000 W/m2 Direct. 

The systems described herein are substantially protected by local and foreign patents or patents pending 
and exclusive rights are owned by Solar Systems Ply Ltd. 
These systems must not be reproduced without the prior consent of Solar Systems Pty Ltd. 

GaAs n-p, p-n Cell inter-connection details 

Bottom link 

p-n cell 

Top Link 

n-p cell 

Figure 1 

·~~ ".: ·~~~~·.~· .~ .. · .. \ · ~ -· ,.·_· . .. ;. ·-' 

Substrate 
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Abstract: 

The market reality for electricity produced using photovoltaic technologies is that it must meet the 

customers' requirements. The likely customers are not in the main the consumers of the electricity, 

rather they are the utilities and mining companies that provide the power at subsidised prices to the 

consumers. These utility and mining company customers require that the electricity generated meets 

their commercial disciplines by being, amongst other things: 

1 ) Economical 

2) Reliable, and 

3) Continuous'ly available 

Solar Systems has designed a concentrating photovoltaic device which it intends to build, own and 

operate to provide economical, reliable electricity initially in parallel with and later in substitution for 

diesel fired remote area power supply (RAPS) systems. 

In the medium term Solar Systems expects its price structures to allow grid connected sales at 

competitive prices per kWhr. 
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The common refrain from the marketplace, familiar to all in the renewable energy field is that 

"it would be great to use more renewable energy, but it is too expensive to do son. 

Hearing this, an intelligent observer would believe that at the end of a vigorous debate based 

on a well researched analysis, all the relevant parties had agreed that the value to the 

community of renewable electricity is indisputably less than the value of traditional fossil fuel 

electricity. 

This is not what has occurred. 

Confusion abounds because various groups speak about different things. Three different 

scenarios spring quickly to mind: 

1. Capital cost 

Item A costs $10, 

Item 8 costs $8 

therefore A is more expensive than B. 

2. Life Cycle Cost 

Item A costs $20 for 5 years service 

Item 8 costs $25 for 5 years service 

therefore A is cheaper than B 

3. Life Cycle Cost including externalities 

Item A costs $20 for 5 years service plus $1 O to detoxify the site 

Item B costs $25 for 5 years service plus $2 to landscape the area 

therefore A is more expensive than B. 

2 
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It is suggested that 

1. Capttal cost - is only useful when it is assumed that the items to be purchased are 

effectively identical and hence the only relevant differentiation is by price. An 

example of this is a can of Coke is cheaper say at Safeway than at Target This sort 

of analysis is not useful when the products are significantly different. 

2. Life cycle cost - the focus is on the goods or services to be provided and the 

process attempts to determine all the relevant actual costs and hence indicate which 

of the available choices is better. This is how business attempts to inform its 

decision making and determine the cost of its operations over time. 

3. Life cycle cost with externalities - This is life cycle costing with costs attributed 

to items that might not be immediately obvious as costs. Examples might be the 

cost of reinstating toxic soil at a facility used to distribute chemical products or the 

landscaping of a mining site after removal of the ore. The analysis here is really no 

different than two above except that further elements have been introduced to the 

cost equation by community pressure (usually by legislation). This is how an 

independent party would view the cost question. It is a broader community view as 

opposed to the more narrow focus of the business community. 

What is in fact meant when the refrain "it's too expensive" is heard is somewhere between 

Capital Cost and Life Cycle Cost Analysis. It is simply that a kWhr of electricity generated 

using say diesel fuel is cheaper than a kWhr generated by say flat plate photovoltaic means 

taking account of all the usual suspects of direct financial costs (Life Cycle Cost which does 

not include various externalities such as 

pollution). But not all the suspects are interviewed. The suspects that cause the most 

trouble are excluded from the financial equation because they are too difficult to locate or too 

politically sensitive to estimate. 
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For a group interested in commerce rather than politics the choice is stark - be cheaper than 

the competition on the present basis of financial analysis or don't bother. 

The question then is this - do markets exist where photovoltaic technologies can be cheaper 

on the standard financial analysis basis than the traditional sources of power? The answer 

is clearly YES! 

Where these opportunities are to be found varies for each specific technology. 

Solar Systems has focused its attention on concentrator photovoltaic systems and has 

identified an initial market for its products in the supplementation and subsequent 

replacement of the diesel fired electrical generation systems that abound in Australia and 

many other parts of the world. 

Electrical energy production by diesel fired generating equipment is probably the most 

expensive electricity in common commercial use and represents a large and growing market. 

It seems logical then that the early market entry for concentrator photovoltaic systems will be 

in conjunction with and eventually in substitution for diesel fired generation systems. 

Other factors that will assist concentrator PV in gaining a commercial foothold in parallel with 

diesel include: 

1. The convenient load profile: 

The solar resource and the peak load on electrical systems are often 

coincident. 

2. High lnsolation 

The fact that diesel systems are often found in regions of high insolation 

(including high direct radiation suitable for concentrator systems). 

3. Low Operations ft Maintenance Costs 

Less intensive operations and maintenance requirements will also lend a 

hand. 
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In the first instance, photovoltaic systems will be economically justified by lower 

costs consisting of a combination of operational and capital savings: 

Operational savings: 

1. Diesel fuel saving 

2. Lower operations & maintenance costs, and 

Capital savings: 

1. Extending the life of existing plant 

2. Postponing the need for further capacity expenditure. 

Systems scale ranges from kW's to several MW's and Solar Systems has identified (as have 

others) many such installations totalling tens of MW's in the north west of Australia alone. 

The word that has been used to date is WILL 

That is: Concentrator photovoltaics will enter the market supplementing and then 

replacing diesel generation systems. Initially the solar component will provide 

some of the daylight power requirement with balance and night requirements 

continuing to be provided by the diesel system. The economic justification will 

be provided by the savings in fuel, operations & maintenance costs, plant life 

extension and capital savings. 

But: At present an electrical power generator seeking to include photovoltaics in its 

range of generation options would not be able to justify the expense on purely 

economic grounds. Indeed it is likely that a financial analysis of the sort usually 

conducted would indicate that presently available photovoltaic systems were 

roughly twice the price of the diesel option. 

5 
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Solar Systems conducted an extensive analysis of the markets in Australia and overseas and 

the customers' requkements when first considering a substantial investment in solar energy. 

The fundamental observation was: 

Price is everything. 

o It is how society makes comparisons between worthwhile and not 

worthwhile. 

o It provides the forum into which all relevant considerations can be placed if 

agreement is reached on inclusion. 

a As more and more elements of cost are included price as a determinant wiU 

favour renewables. 

Other important issues were: 

1. Most power providers (utilities or mining companies) subsidise diesel power in 

particular, and remote power in general. The benefit of cheaper remote power 

generation technology will accrue to the generator or its shareholders (usually the 

State or Territory Government) through lower subsidy costs. 

2. The budgets available for development and deployment of new technology are 

vanishingly small. 

3. Utility shareholders (whether government or private) plan to utilise less rather than 

more qapital and seek to maximise returns through outsourcing, parallel marketing 

opportunities and plant life extension. 

4. They are risk averse. 

6 
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Solar Systems' conclusions were: 

1. Concentrator PV had the potential to be a major business opportunity 

(publicly listed company > AUD $100 million market capitalisation in 10 

years, 1992 to 2002). 

2. To justify the employment of capital in competition with other opportunities, 

significant rates of return on capital are required. Property development, 

software development and financial services, three areas where Solar 

Systems founding shareholders had profitable activities, all generate high 

rates of return and compete for shareholders' available funds. 

Capital required for the task exceeded $20 million. 

3. Risk would have to be assumed by Solar Systems. 

4. Build, own, operate (BOO} was the only realistic model which could meet all 

the customer's requirements. 

5. Significant expenditure would always be required in ongoing research and 

development and product development activities. 

6. It is difficult to see the benefits of any new technology without full and 

careful analysis. Customers cannot, will not and should not have to 

undertake their own new technology education. As providers of competing 

technologies, it is our responsibility to demonstrate the benefits and to take 

the risks to satisfy the customer's requirements. 
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The company's research had revealed customer requirements for RAPS to be: 

1. Provide a consistently cheaper alternative to the market leader diesel. 

2. The cost of the equipment and its installation must be met by the techno 1logy 

provider 

3. Operations & maintenanc1e requirements must be provided by the technologist and 

should not d.isplace existing workers .. 

4. The risk of technology failure must remain with the technology provider. 

'Having defined the market and the customers' requirements, Solar Systems committed itself 

in 1992 to establish the technology, the manufacturing facilities, the marketing program and 

the financial services systems to deliver the customer the required service. 

1. Technology Review 

Solar Systems shareholders had been active in renewable energy since 1977 and 

had a detailed understanding of the nstate of play". After appointing an appropriate 

advisory team a detailed technology review was undertaken including a worldwide 

study tour and a detailed database search which concluded that the most 

prospective technology was concentrator photovoltaic technology. 

It was considered that this technology represented the best method of combining 

high efficiency electricity production, thermal co-generation and storage systems. 

This would allow ,initia1l market penetration in the short term and a significant medium 

and long term product train. 

The long term objective was a reversible hydrogen fuel-ceU electrical production 

system driven by high efficiency solar means. 

8 
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2. Market Entry Target 

Through experience in other commercial fields in local and overseas markets, 

particularly the Philippines, Malaysia, Indonesia and Thailand, it was clear that the 

first possibl 1e market entry point would be substitut,ion of diesel power because of its 

high cost of generation. Analysis and discussions with prospective customers 

revealed that the price per kWhr was believed to start at slightly under AUD$0.20 

and range upwards quite rapidly. I use the word "believed" because in many cases, 

there was no empirical evidence of the actual cost of generation as no appropriate 

records were kept. In some cases, plant life and operations & maintenance costs 

were assumed to be the manufacturers' recommended level or to cost nothing. The 

most expensive diesel systems then provide the initial market entry point. 

3. Research & Development Program 

In the period 1992-1997, Solar Systems undertook an extensive research and 

development program in Australia and overseas - particularly in the United States of 

America. The ongoing program was specifically designed to produce a product that 

could g,enerate electricity mo~e cheap1ly than a typical diesel firied system could. In 

addition, the system had to be capable of accepting later developed improvements 

such as retrofitting of the inevitable improvements in solar cell efficiency and p'lanned 

add on storage and co-generation systems. The system had to be modular to allow 

for installation growth and attention was focused on price reductions through a 

combination of higher system efficiency and ease of manufacture. The technology 

developed was a concentrator photovoltaic system operating in excess of 250 Suns 

which leverages the cheap laser-aligned, computer-controlled steel and glass 

r1eflectors and Infra Red Reflection and Recovery (IRRR) optics systems against the 

expensive, but high'ly efficient receiver. 

4. Design 

The culmination of the research and development program resulted in a design which 

has the necessary qualities, capaciity and capability to enable Solar Systems to enter 

and maintain a position in the market. 

9 
Solar Systems 



The 4th Renewable Energy Technologies & Remote Area Power Supplies Conference 
Drivers & Markets for Renewabtes 

MAKING CONCENTRATED PHOTOVOLTAIC$ A COMPETITIVE REALITY 

Namely: 

a Modular design which allows efficient manufacturing and installation 
over a wide range of scales.- --- ----------------------- ------ -

a Ability to be simply updated with new technology. 

a Ability to expand into co-generation and high efficiency systems 

through the use of synergistic add-ons. 

The research and development and design programs produced the required results 

and the company has spent the last nine months finalising pre-production issues for 

the initial release device designated the Solar Systems SS20. Solar Systems is now 

engaged in marketing its ability to deliver solar energy to the marketplace at prices 

significantly cheaper than many diesel power installations. 

5. The Manufacturing Process 

In order to achieve the initial price points and assure future competitiveness, Solar 

Systems has spent several years on manufacturing issues to ensure the lowest cost 

of manufacture and deployment. This entails a fully automated production process at 

the company's own manufacturing facility and also at partnering facilities in 

specialist outsourced locations. In addition, expert dedicated deployment teams 

equipped with appropriately designed assembly and erection tools complete the 

process. 

6. Design the Financial Options 

In addition to its substantial technical and administrative staff, Solar Systems' in

house accountants, lawyers, intellectual property specialist and structured finance 

operatives, ably supported by the best available external consultants and bankers, 

have designed and had approved by the National Australia Bank Ltd a financing 

option that ensures that no capital expenditure is involved in the decision to add solar 

energy to the customer's energy generation mix. This arrangement ensures that the 
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only risk assumed by the customer is the risk that the customer will not be able to 

on·sell the power purchased. This risk is faced whether the power in question was 

generated by solar or fossil fuel means. 

7. Work with the customer to satisfy its requirements 

Solar Syl?tems is now approaching vari,ous utilities and other power generators 

offering its unique package. This involves a teamwork approach consisting of the 

following: 

a the customer suggesting possible sites for solar supplementation to 

existing diesel generation capacity 

a Solar Systems and the customer calculating current diesel 

generation costs. 

a Solar Systems then puts forward a proposal in relation to the level 

of solar power that should be installed, taking account of usage 

patterns and the available solar resource. 

a Finally, a tariff and contract period for the Independent Power 

Producer agreement that underpins the finance option is negotiated. 

Currently, Solar Systems is involved in a number of negotiations aimed at securing the first 

agreement to install SS20's in the field. 

8. Marketing 

In June of this year Solar Systems will launch the SS20. The launch will be 

supported by an appropriately targeted marketing program both in Australia and 

overseas. Elements of the plan include 

CJ Site demonstration visits to Solar Systems' Fosterville demonstration 

and testing facility to view the SS20 device. 

a Indicative cost analysis for generators over various contract periods. 

CJ Examination of the advertising and cross-promotional benefits of 

using solar power. 

11 
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a Demonstration of products to be introduced over the next few years. 

9. The Future 

Solar Systems has a current product phase which commences with the SS20 and 

which will culminate with the delivery of the patented solar hydrogen electrical 

generation and storage system (Hytemp). All elements of this system have been 

demonstrated, including 

a High efficiency infra-red reflection and recovery (IRRR). 

a Light-guide technology. 

o Fuel cell production and consumption of H2• 

a High efficiency 111-V receiver. 

Work is continuing and customers will be kept up to date on product availability 

times and system upgrade options. 

In addition to the hydrogen program Solar Systems is involved in various longer term 

research and development projects. 

12 
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Conclusion 

Solar Systems is now in the business of offering solar electric power at prices 

demonstrably lower in cents per kWhr terms than many current diesel 

installations. 

The company is undertaking a systematic approach to obtaining orders and is 

well staffed, well capitalised and has the necessary technical skills to deliver 

a quality product and an excellent customer service. 

The future will produce many technical innovations which have been designed 

to be retrofitted to the early installations and when achieved, wiU open 

broader markets for Solar Systems' concentrator photovoltaic technologies. 

13 
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1. INTRODUCTION 
In remote off-grid areas electric;al energy is traditionally provided for individuals or communities by diesel generators. Often 
fuel is transported over long distances and thus the ultimate cost of the generated electricity is high with the cost ranging from 
20 to 80 cents/kWhr. In Australia, flat plate PV electricity generation systems are practical and economical for areas where 
high fuel and maintenance costs exist for diesel systems. With PV panel costs of approximately $8/peak only a small part of 

· this market is accessible by solar. 

To expand the applicability (reach) of solar photovoltaic systems it is necessary to reduce their cost and improve their 
versatility. A new system using dish concentrators, high efficiency PV receivers and infra-red separation optics for co
generated heat production has been devised and is under test at SRC. The use of concentration to replace high cost solar cells 
with low cost mirrors and the by-product heat have the potential to reduce solar power costs to $4/watt or less. 
This paper explains the concept - d~scribes the system and indicates likely performance outcomes from early tests. 

2. DESIGN PHILOSOPHY . 
A market survey by Blakers et al (1991) has concluded that 
if the cost of photovoltaic power was reduced from the 
present $8/watt to $4/watt the potential market would . 
expand by a factor of ten to an estimated $1.2 billion. 

There is thus considerable incentive for reducing the cost 
of solar generated power. 

The approach to reducing solar power generation cost is 
three-fold: 

(i) To reduce the cost of the solar collection system by 
substituting mirrored glass at $300/m2 for solar cells 
which cost $l000/m2

• In order to significantly reduce 
the cost of the Solar Cell component the photovoltaic 
receiver must be small in relation to the collector 
area. This necessarily requires using high 
concentration of solar energy. The receiver area is 
approximately l/300th of the collector (concentrator) 
area and thus the concentration ratio is 300x and the 
PV receiver is subject to a light intensity of 300 suns. 

The receiver must be actively cooled and be of 
special design to dissipate the heat and deliver the 
high power density associated with the intense beam. 
Figure 1 shows a schematic of the main system 
components. 

All of the sunlight which is intercepted by the Mirror 
Dish Concentrator is directed to the receiver at the 
focal point and converted to electricity. The system 
is automatically aligned to the sun. 
Figure 2 shows a photograph of a l .6m2 Dish PV 
concentrator system. 

(ii) To increase the system efficiency. At high 
concentration 200 Suns+, the area of the solar cell is 
less than 1 % of the collector area. This allows a 
relatively high cost per unit area solar cell of high 
performance to be used . with only an incremental 
increase in system price. Cells with more than double 

the efficiency of commercially available flat plate 
products have been demonstrated in the concentrator 
system. 
Figure 3 shows a commercially available Flat plate 
PV panel having an efficiency of approximately 10%. 
2.Sm2 of this type of Flat plate module will deliver 
250 watts of full sun. 
Figure 4 shows the SRC high efficiency high 
concentration module also rated at 250 W - however 
with an efficiency greater than 20% of 300 suns. The 
area required is just 0.0036m2

• (The module is 600 
times more powerful per unit area) 

Super high efficiency tandem cells of GaJP/GaIAS 
have been tested at 28% efficiency on sun. 
Figure 5 shows Tandems on sun (green plate). 

(iii) The recovery of useful thermal energy from the 
system by separation of a substantial portion of the 
normally unused infra-red radiation from the solar 
beam before it reaches the solar cells. This 
contributes to lower cell temperature and allows the 
generation of high · value heat (70 °C +) 
simultaneously. 
Figure fr shows the 1.6m2 PV Concentrator dish 
system with optical infra-red separation system. 
The IR (and some visible) light is shown being 
emitted simultaneously with electricity production. 
Combined efficiencies of 30% were demonstrated 
using similar technology and temperatures of 
1100 °C+ have been developed from the intense by 
product heat. 

3. SYSTEM DESCRIPTION 

A Dish Concentrator, photovoltaic receiver and heat 
transfer/rejection system are the main sub systems. The 
Mirror consists of mirrored facets attached to a parabolic 
dish which are aligned by Laser direction to a pre
determined configuration for even accuracy and suitable 
power distribution to the Flux modifier and ultimately the 
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PV receiver. 
The Flux modifier redistributes the light from the dish 
beam to provide an even flux distribution at the cell face. 
The receiver for a 20m2 Dish has an area of .06m

2 
and 

consists of modules which are close packed such that the 
receiver face is 99% active. The receiver has features as 
described below: 

(i) Active cooling for the solar cells provides a low 
operating temperature to protect the cells and 
maximise the power output. To achieve this an 
integrated photovoltaic module has been developed 
which includes: 

• series circuit for cell connection 
• intimate thermal connection to cooling heat exchanger 

while maintaining electrical isolation of Ii ve 
components 

• high efficiency, low pressure drop heatsink 
• connection terminals, bypass diode and mounting stud 
• >99% packing factor 

The modules may be connected in series/parallel to 
provide the desired voltage/current characteristics. 
The DC power produced may be stored in batteries 
and/or connected to an inverter for AC output. 

(ii) m. makes an insignificant contribution to the 
production of PV electricity, it adds considerably to 
the thermal load on the cells. For this reason, an IR 
filter is P,laced in front of the cells, and the heat 
absorbed by this filter may be used to provide, for 
example, hot water. A further variant uses IR 
reflection and reconcentration to a light guide which 
has been used to produce temperatures of 1100 °C. 

Paper No SEAg 96/027 

(iii) . The solar radiation flux must be uniform 
if the arrays of PV cells are to operate with a high 
efficiency. For this reason software has been 
developed to design a flux modifier that ensures a 
very high wiiformity of radiation flux striking the 
array of cells. The typical shape of an un-modified 
beam is shown in fig. 
The modified beam is shown in fig. 

4. THE PERFORMANCE OF A LARGE SCALE 
SYSTEM 
The design philosophy has been realised by the 
construction of a dish concentrator system at Fosterville, 
Victoria. The system consists essentially of a 5m diameter 
parabolic collector dish. The silicon solar cells are 
mounted in the form of an array that has dimensions of 
240mm by 240mm. The intensity of solar radiation on the 
array of cells is 270 suns. The parabolic dish is fitted with 
a tracking system that can follow the sun with an accuracy 
of ± .1°. Preliminary results from the system indicate that 
it is capable of providing : 3.0 kW @ 240V AC of 
electricity and 2.5 kW of heat at a total efficiency of 
approximately 30%. 

5. CONCLUSION 
The high efficiencies necessary to effect a cost reduction 
are being realised. When system performance is optimised 
the unit will be costed. This will provide a direct measure 
of the cost of. power for this system. It is planned to 
market the system in 1997. 
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· ABSTRACT 

The GalnP/GaAs concentrator device has been 
adapted for and tested in a prototype "real-world" 
concentrator power system. The device achieved an on
sun efficiency of 27% ± 1% in the range of approximately 
80-400 suns with device operating temperatures of 32°C 
to 50°C. We discuss ways of (urther improving this 
performance for future devices. 

INTRODUCTION 

The monolithic two-terminal GalnP/GaAs solar cell [1] 
is a promising candidate for applicatf on in terrestrial 
concentrator power systems, due to its demonstrated 
efficiency in excess of 30% for concentrations in the range 
of 100-300 suns [2]. This device has been adapted for 
evaluation on-sun in a parabolic-reflector concentrator 
system [3], the first mea~urement of this device under real
world concentrator conditions. This paper des~ribes the 
necessary adaptations, presents the on-sun measurement 
results, and compares these results with the modeled 
behavior to aid in predicting the performance of future 
generations of the device. 

DEVICE REQUIREMENTS AND GRID DESIGN 

The requirements for a device usable in the 
concentrator system are more stringent than for devices 
measured on a simulator. To obtain acceptable signal to 
noise in the concentrator system, a device · with an 
effective size of 1.0 cm2 is used. This device, a top view of 
which is pictured in Fig. 1, consists of four 0.25-cm2 
"subdevices" on a single wafer, processed and mesa
etched for electrical Isolation so that the subdevices can 
be tested Individually if desired. Each subdevice has a bus 
bar on only one side of the device. For the on-sun testing, 
the bus bars of the four subdevices .are connected 
electrically to give a device that is thus actually a 1.0-cm2. 
illuminated-area device with bus bars on opposite sides of 
the device. In contrast, the original GalnP/GaAs 
concentrator device [2] was 0.1 cm2. For ease of soldering 
contacts to the bus bars, the bus bars are 0. 75 mm wide. 

The ultimate concentration goal for this application is 
500 suns. However, the requirement of the large device 
size as described above puts heavy demands on the grid 
fingers of the front metallization. A highly conductive, 
narrow, thick (and thus, high-aspect-ratio) finger with good 
contact resistivity is called for. For the first iteration of the 

0-7803-3166-4/96/$5.00 © 1996 IEEE 

73 

device, a Au-plated front-contact metallization is used for 
convenience. This metallization is limited In the 
conductivity, narrowness, and height of the grid fingers it 
can provide - a significant limitation for high
concentration devices, especially for the grid-finger len·gths 
of the device shown in Fig. 1. Typica.1 resistivity for the Au
plated metallization is 5x1 o-6 n-cm, more than twice the 
tabulated bulk Au resistivity of 2.2x1 o-6 n-cm. The 
difference is due to the relatively grainy character of the 
metal deposited in the electroplating protess. In principle, 
limitations in the grid finger resistivity can be compensated 
for by increasing the thickness of the finger. However, for 
the plated metallization, the thickness is limited by the 
photoresist thickness to about 2.5 µm. Increasing the 
finger conductance by increasing the finger width must be 
balanced against the grid-coverage shadow loss; for this 
reason, narrow high-aspect-ratio grid fingers are preferred. 
The plated-metallization process, however, cannot reliably 
produce grid finger widths significantly below 10 µm, and 
the limitations of the finger thickness and conductivity for 
this metallizatlon diminish the importance of narrower 
grids. Finally, 12 R losses due to the emitter sheet 
resistance (about 200 O/sq for the top cell of the device 

t 
Smm 

+ 
~.......flSmm-.. 

Fig. 1. Schematic top view of the device. The 
subdevices are electrically isolated with a mesa etch, so 
the area between them is not photoactive. All four bus 
bars were connected electrically for testing, resulting in 
an effectively 1-cm2 device. Grid fingers are 10 µm wide 
and are spaced 150 µm apart. 

25th PVSC; May 13-17, 1996; Washington, D.C. 



described here) demand that grid fingers be spaced close 
together. This emitter sheet resistance loss combined with 
the grid-finger resistivity loss (plus several other loss terms 
[2] of les8 importance for the device described here) must 
be balanced ag~inst the grid-coverage shadow loss to 
arrive at a final grid design. 

The initial iteration of the device has grids optimized 
for a lower concentration of 200 suns; the optimal grid 
spacing at this concentration for the plated metallization is 
150 µm. Even at this lower concentration, the deficiency of 
the plated metallization limits the device efficiency. Future 
iterations of the device will use an evaporated 
metallization that should overcome the grid-finger 
limitations of the plated grids, permitting fingers 3 µm wide 
and 5 µm thick, or better. The evaporated metallization 
also provides grid-finger resistivlties much closer to the 
book values (I.e., much lower than the plated metallization 
provides), due to the superior density and grain structure 
provided by the evaporation process. 

DESIGN OF TOP CELL 

The on-sun spectrum is, of course, not precisely the 
ASTM E891 standard AM1 .5 direct spectrum, and indeed 
It varies during the day. For the series-connected tandem 
device described here, the ideal top-cell thickness 
depends on the spectrum. This dependence arises 
because the top-cell thickness determines the relative 
photocurrents of the top and bottom cells; the tandem cell 
photocurrent is maximized when the top and bottom cell 
photocurrents are matched, because the tandem current is 
limited by the series connection to the lesser of the two 
subcell photocurrents [4]. 

For the first iteration of the device, we have chosen to 
design for the standard AM1 .5 direct spectrum, with a top
cell thickness of 1.0 µm. Future iterations of the device 
may be tuned to some time-average of the actual incident 
spectrum. A detailed discussion of the performance of 
multijunction devices as a function of variations in the 
incident spectrum is given elsewhere [5,6]. The overall 
conclusion of these works is that spectrum fluctuations 
affect the performance of series-connected tandems more 
than the performance of 1-junction devices, but that the 
overall performance advantage of the tandem Is not 
changed by this efficiency fluctuation. 

DEVICE MEASUREMENT AND PERFORMANCE 

The wafer was mounted on a receiver substrate with 
good thermal contact to· cooling water. The light flux onto 
the receiver region was apertured so that only a well
defined area · on the wafer is illuminated. The flow and 
temperature of the receiver cooling water were precisely 
measured, permitting a direct calorimetric measurement of 
the Incident flux given the reflectance of the device. Thus 
no assumptions about the linearity of the short-circuit 
current (J5c) with concentration need be made, in contrast 
to typical simulator measurements. This is not a trivial 
issue, because nonlinear response has been reported for 
. GaAs solar. cells [7]. Nor are spectral corrections needed, 
because the actual solar spectrum is being used. 

. . 
The temperature of the device was not held at 25°C, 

the conventional simulator-measurement reporting 
temperature, but rather was allowed to reach the 
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temperature it would operate at if the concentrator system 
were being used to generate power. Therefore, no 
temperature correction need be applied to the device 
performance parameters to predict the device 
performance under actual operating conditions. However, 
the device temperature must be taken into account in the 
modeling of the device behavior. 

Figure 2 shows the measured concentration
dependent open-circuit voltage (V 0e}, fill factor, and 
efficiency. For Voe• the open symbols show what V0e would 
be at ·2s0 c. using a temperature coefficient of -3.9 mV/°C 
as measured for this device. For comparison with the data, 
the dashed lines show the modeled behavior. Voe Is 
modeled by assuming an effective ideality factor of n=2, 
appropriate for a series-connected tandem with ideal (n=1) 
top and bottom cells; The calculated V 0e describes the 
temperature-corrected measurements very well. The fill 
factor (FF) is modeled by calculating 1-V curves [8], with 
the addition of an effective series resistance [2,9]. The 
measured fill-factor data points appear to be consistent 
with the modeled curve, to the degree to which the two 
can be compared given the scatter in the measurements. 

The linearity of J5c at concentration C is given by the 
ratio of the one-sun-normalized J5e to the concentration, 
(1/C) Jsc(C)/Js(:(1). The concentration C is given by the 
ratio of the calorimetrically-measured photon energy flux 
ct>(C) to its one-sun value: C.::::4>(C)/ct>(1}. The measured Jsc 
linearity is shown in Fig. 3. The difference between the 
measl!rements and the ideal-linearity case is presumably 
due almost entirely to noise in the measurement of ct>, 
because the linearity would not be expected to vary as 
nonmonotonically with C as the data of Fig. 3 does. Thus a 
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Fig. 2. On-sun performance of the device, "MA215". The 
data are shown as the filled symbols. The open squares 
show V0 e corrected to 25°C operating temperature. The 
dashed lines show the modeled behavior, including 
temperature correction for Voe (but not for FF). 
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Fig. 3. Jsc linearity. The dashed line represents the case 
of perfect linearity. 

determination of the device nonlinearity awaits data with 
better signal to noise in <I>. Working with larger device 
~reas should help with this measurement. 

Finally, the measured efficiency shown in Fig. 2 is 
given by Js0V00FF/<1>. The modeled efficiency, which uses 
. the temperature-corrected V 0 0 , is shown for comparison. 
The efficiency data appear to have a maximum with 
concentration that is much sharper ·than the modeled 
curve: However, this is most likely an artifact of the noise 
in the FF and <I> data. From the scatter in the data, we 
estimate a relative uncertainty of about 2'% in the FF and 
<I> measurements, giving a relative uncertainty (not 
including ·systematic errors, which are hard to quantify) of 
about 3% (I.e., about 1 % absolute) in the efficiency 
numbers. With these error bars, we can summarize the 
peak performance of the device as 27% ± 1 % in the range 
of approximately 80-400 suns. The modeling suggests that 
the efficiencies are in the lower end of this range. It should 
be emphasized that the efficiencies in this concentration 
range are achieved with device operating temperatures of 
as high as 50°C. 

FUTURE WORK 

The most important direction for improving the 
performance of future devices will be the adoption of an 
evaporated-metal/liftoff front grid metallization. Modeling a 
device with this Improved metallization, at 500 suns a gain 
on the order of 6% in the relative cell performance (about 
2% in absolute efficiency) can be expected. Better current
matching of the top and bottom cells to the solar spectrum 
being used may also lead to a further improvement in 1he 
device efficiency. Fabricating 1-cm2 devices without the 
mesa-etch division into four subdevlces will reduce 
perimeter recombination by a factor of two. 

To optimize total module efficiency, a single bus bar 
running down the center of the cell would reduce the total 
cell area compared to the two side bus bars used in the 
device shown in Fig. 1. The single-central-bus-bar 
configuration does not change the effective lengths of the 
grid fingers, and so the performance of such a device 
should not suffer compared to that of the present two-bus
bar design. Future work will include the examination of this 
bus bar design. 
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ABSTRACT 

Solar energy has the potential to be the perfect source for all of our energy needs providing infinitely 
renewable power with virtually zero material or thermal pollution during operation. 

As great as this potential is however, an almost insignificant fraction of our energy is provided directly 
from this source. The reason is the perceived high cost. Analysis of this "cost" reveals two apparent 
reasons • technological immaturity and cultural perception. 

The technological causes stem from the difficulties associated with capturing, converting and storing a 
dilute and intermittent energy source. The cultural barrier comes from our current sense of'value'. 

Our present culture is to value most highly that which we can "acquire today and pay for tomorrow". 
Presently, with solar power one pays today and receives the benefits tomorrow. 

One method of addressing both problems is by reducing the capital cost of a solar power system to a 
level where a financier can profit from financing the product into a market, thus allowing a customer in 
that market to have the service today, and pay as he or she consumes in cents/kWh. This now provides a 
direct comparison such that a relatively simple judgement can be made to determine if solar pov1er is 
cheaper. 

The whole problem may thus be reduced to one of a technical nature, with financial events following 
(once there is profit to be made). To address the technical problems, the activities of solar power 
generation may be considered as a two.step process of collection and conversion, it is then possible to 
identify clear targets for improvement by cost reduction and efficiency increases. 

The use of a dish solar concentrator focusing to a small high power photovoltaic receiver provides for 
both of these benefits, as well as the additional bonus of synergistic cogeneration via spectrum splitting, 
which is unique to this combination of components. 

To achieve these benefits the technical barriers which have been broken include - development of 
optics for the even illumination and production of a close.packed, high voltage, high power PV receiver 
operating at 45 °C in a solar beam which would normally melt steel. 
At a production rate of just a few megawatts, the cost of AC power production from this technology is 
about 30 cents/kWhr. This approximates to less than $5.00/Watt of nameplate rating for fixed flat PV 
plate panels. 



This is economic as a fuel saver for most diesel and many end of grid applications where finance can be 
arranged. 

INTRODUCTION 

Solar energy has the potential to be the perfect source for all of our energy needs providing infinitely 
renewable power with virtually zero material or thermal pollution during operation. 

The earth receives 7 x 1017 kWh/year (Avallone and Baumeister, 1987) of radiant energy from the sun. 
which is 7,000 times more energy than we presently consume - clearly an ample resource. 

With a solar energy system having an efficiency of 25%, an area 600 km square located in the 
Australian Desert, would be sufficient to supply the world's energy needs. It is thus evident that solar 
radiation could supply all our energy, while reducing pollution problems during humankind's likely 
habitation of the planet. 

It appears that scientific evidence and deduction however, are not sufficient to bring about acceptance 
and adoption of such a change by us even for our own good. 

As great as this potential is, an almost insignificant fraction of our energy is provided directly from this 
source. One of the main reasons is the perceived high cost. Analysis of this "cost" r,eveals two apparent 
components - technological immaturity and cultural perception. 

The technological causes stem from the difficulties associated with capturing, converting and storing a 
dilute and intermittent energy source. While these problems are solvable, it takes time for ideas and 
concepts to reach the market place. 

The cultural barrier derives from our current sense of 'value'. 

Our present culture (ably assisted by financial institutions) is to value most highly that which we can 
"acquire today and pay for tomorrow". Conversely, the very nature of solar energy is that all the cost is 
up-front - the energy is delivered free later. 

One method of addressing both problems is to reduce the capital cost and increase the size of a solar 
power system to a level where a fmancier can profit from financing the product into a market, thus 
allowing that customer to have the service today, and pay as he consumes in cents/kWhr. 

In fact, a critical mass of four components are ALL needed to facilitate the substantial uptake of 
renewable energy. These are social conscience, improvements in new technology, government support 
and the increased cost of traditional energies due to the addition of 11extemalities". These components 
will provide a progressively more favourable market place. 

While three of these elements may be beyond the scope of individual influence, and are controlled by 
global economics and political forces, an individual effort may significantly influence the renewable 
technology component. 



To achieve this worthwhile goal, it is necessary to enlist the inspiration of invention and impetus of 
commerce. 'Allow individuals to profit today from the use of new energy practices which wilJ benefit us 
all in the future and a pathway will be found to the solution.' 

The objective is thus to produce a solar energy conversion system which is competitive in price and 
performance with present expectations. This product must achieve entry into the most acGessible 
market (where existing costs are highest) and have the continuing potential for versatility and 
improvement to enter other larger energy markets in the future. 

• 

If this can be achieved a substantial market is open to those who are successful and our energy and 
pollution problems will be solved for the long term . 

If just l 0% of the Australian Government's 2% greenhouse proposal for renewable energy was met at 
$5/Watt, the value is of the order of$ I - 2 billion. 

Philosophy 

In order to begin the exploitation of the ideal resource of solar energy for wide application, it is 
necessary to reduce the cost of utilisation to a point where technology is competitive with traditional 
forms in certain markets. Typically, this will be the remote area power supply or RAPS in sunny 
locations. An analysis of the cost of generating electricity using diesel shows that the cost is frequently 
more than 30 cents/kWhr. To enter this market, solar power must achieve a similar or lower cost. 

Possible avenues to this goal of cost reduction include: 

1) Increasing the system efficiency 
2) Reducing the cost of the system 

To address the technical problems, the activities of solar power generation may be broken down into a 
two-step process of collection and conversion. It is then possible to identify clear targets for 
improvement by cost reduction and efficiency increases. 

The use of a dish concentrator with a photovoltaic receiver provides for both of these benefits, as well 
as the additional bonus of synergistic cogeneration via spectrum splitting, which is unique to this 
combination of components. 

The underlying philosophy for achieving objectives outlined above is based on the following premises: 

Solar radiation is a very dilute energy source and a large area of solar flux must be intercepted to 
capture useful amounts of energy. 

This "large area" requirement is the major contributor to the cost of all solar energy conversion 
systems. 

The present photovoltaic panels for example, have the area of conversion device (solar cell) equal to the 
collection area. The sophisticated and intense processing required to produce a solar cell makes the 
conversion devices expensive and thus the entire panel is even more expensive. 



Furthermore, a substantial part of the energy which has been collected (at great expense) is wasted, e.g. 
flat plate photovoltaic systems (solar panels) with efficiencies of typicaJly 12% waste 88% of the 
intercepted solar energy. 

When viewed from this perspective, it is clear that while a high cost is paid to intercept the solar 
radiation, we do not fully capitalise on this energy which has been intercepted. The energy conversion 
step is grossly inefficient, particularly in the production of electricity - the highest value energy form. 

Efforts to increase conversion efficiency over a large area (equal to collection area) will lead to 
substantial cost increases and may not improve the cost per unit output. 

A solution to this problem lies in the use of energy concentration in which the solar energy coJlector is 
large and cheap (mirrors) and the energy converter (PV receiver) is smaJJ and highly efficient. For 
example, the solar energy converter for a parabolic dish solar concentrator may have an area that is 
only 0.2% of the size of the collector and still deliver excellent performance. An efficiency of more than 
double that of most existing commercial PV panels has been achieved for concentrator receivers. 
(Lasich, et al, 1994) 

This scenario allows for a relatively large expenditure per unit area of energy conversion device to 
produce a high efficiency converter, which has the effect of increasing the entire system efficiency, but 
at small marginal increase in system cost. 

The remainder of the system (mirrors) is concerned only with energy collection and has a cost an order 
of magnitude less per square metre than active devices, such as solar cells. 

While conceptually this approach is straightforward, many complicated practical issues must be 
overcome to achieve the benefits, these include: 

• Delivering an even radiation intensity to a large number of series connected PV cells in a small 
receiver. 

• Guaranteeing the survival and optimal (low temperature) operation of the PV cells in a solar beam 
which would normally melt steel. 

• Delivery of high voltage and acceptable current from a small solar panel while maintaining 99 .8% 
packing factor and cell isolation. 

• Providing accurate tracking and control. 

Having established the problems, which must be solved to achieve the potential benefits of dish - PY 
concentrator systems, our company has developed a range of technologies to provide the solutions. 



THE TECHNOLOGY 

The essential components are shown in Figure 1 and include the dish concentrator 1., which 
concentrates all the solar energy which falls on it to the PY receiver 2., which is cooled by a heat 
rejection system 3., and the whole unit is directed and governed by the tracking/control system 4. 
Depending on the application a combination of inverter generation - battery storage may also be 
included 5. 

2. PV Receiver 

4. Tracking I Control System 

Dish Solar Concentrator 

The requirement 

1. Dish Concentrator 

3. Integrated Cooling 
System on Back of Dish 

5. Inverter with optional battery I ........... bac,, ........... 

---+ Togrid 

Figure 1 The SS20 Unit 

The requirement is for the most efficient Dish Concentrator at low cost with a predictable beam 
characteristic, which may be opticatly manipulated to produce an even flux distribution on the flat plane 
of a solar cell array positioned near the focus. 

The final concentration ratio at the primary focus should be approximately 300 to 500 Suns @ 1000 
W /m2 Direct Solar Radiation Input. 

For c<rgeneration, the primary optics should be such that secondary and tertiary optics will work 
efficiently allowing for simple robust methods of spectrum splitting and collection of the 'split' energy at 
a second focus. 



The system should be modular to facilitate maximum flexibility in production, deployment and 
operation. 



Design of Components: 

To deliver the characteristics prescribed above, the design of components for subsystems of a dish 
concentrator must include the following characteristics: 

Mirrors 

To achieve the objectives oflow cost and consistent quality require the mirror system to consist of 
mirror sections, which are square, modular and all of the same spherical section. Square mirrors are 
low cost because mirrors can be constructed from components, which are nonnally supplied square, 

.such as glass and steel. Modularity allows for repetitive production and flexibility of design and 
construction. Appropriately positioned spherical sections can approach a paraboloid very closely if 
each section is approximately l % of the total area. 

Photovoltaic Receive,r 

The receiver must : 

o Withstand high solar flux to several thousand Suns. 
a Be optically matched to the dish to provide the appropriate intensity and flux distribution. 
a Have close-packed PV modules which have: 

cell packing density 99% 
no front contacts 
excellent electrical isolation. 
excellent thermal conductivity for removal of intense energy from cell face. 
means of removing high intensity heat. 

The PV receiver shown in Figure 2 achieves the above requirements. 

Figure 2 SS20 Receiver View· 'on sun' 



The main components of the receiver include: 

a A "flux modifier" to assist in optical matching of dish and photovoltaic receiver. 

o A close-packed array of PV concentrator modules which contain: 

• High efficiency solar cells designed for operation at 300 Suns@ 99.8% packing factor. 

• A metallised ceramic substrate which provides a series circuit for high voltage inter
coJUlection of cells and excellent electrical isolation as well as 

• Excellent heat transfer to a high performance actively cooled heat sink. See Figure 3. 

Data Acquisition System to monitor the receiver conditions such as module voltage, module 
temperature, coolant flow, etc. This information is also used in the Control programs. 

A photvoltaic concentrator module designed for 330 suns operation is shown in figure 3. 

Figure 3 A 280 Watt PV Concentrator Module 

Control System 

The Control System must be intelligent and self-educating to optimize power output, maximize 
reliability and minimize dependence on operators. 

The integrated software controlled tracking system developed by Solar systems takes account of 

Locatio~ time and system geometry for - Predictive Tracking 
Sun position for Sun Tracking 
Receiver Conditions for Power optimization and Self-preservation 
Wind Speed and Direction For safe parking in high winds 
All of which are considered in the control loops for dealing with varied weather conditions, wear and 
tear and the need for maximum power. 



Figure 4 The 20 kW SS20 Dish· PV Unit 

Heat Rejection 

A considerable amount of heat must be rejected- Figure 4 shows a PV conventrator with a Heat 
rejection system integrated as part of the dish frame. Some of this energy may also be reflected away 
from the receiver. This reduces the heat load and allows for the capture and re-concentration of IR 
radiation to produce high grade heat for co-generation. Solar Systems has developed a patented system 
which can deliver high grade heat for activities such as - desalination, process heating, operation of a 
stirling engine, production of hydrogen and illwninating a second Low Band Gap PV receiver to produce 
more DC power. Our tests have shown efficiencies of 30-40% are practically achievable. 



Figure 5 A Field of SS20 Dish Concentrators 

CONCLUSION 

At quantities of a few megawatts, the Solar Systems PV Concentrator System can produce power for less 
than 30 cents/kWhr, being cheaper than diesel generation in most instances and economic for end of grid 
connection. In the near future receiver improvements and co--generation will reduce the system cost 
further, increase the diversity of application and thus deliver a product ready for entry into larger, 
broader markets. 

Figure 5 shows a "scientist's" impression of mainstream solar power. 
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ABSTRACT: This paper discusses the importance of solar cell efficiency to reduce the overall cost of electricity 
produced by photovoltaics. A large-scale demonstration of a concentrator PV system in White Cliffs, Australia is 
presented. The concentrator system, based on reflective dish and Point-Contact silicon solar cells, has a PTC 
efficiency of20.02%. 
Keywords: High-efficiency - I: Concentrators - 2: PV system - 3 

1. INTRODUCTION 

There is a very common practice within the 
photovoltaic community, from both industry and research, 
to price every component of a photovoltaic system in terms 
of dollar per peak power ($/W p). This practice is generally 
used throughout the whole value chain, from bulk starting 
material (for example silicon feedstock in the case of 
silicon technologies) to system pricing. Since every 
developer is usually focussing on only one element of the 
value chain, this practice may not end up to the most 
economical PV system. At the end, what really counts is 
the cost of energy ($/kWh). For ,example, a research team 
developing a new process for solar cell manufacturing may 
choose or not choose a particular technology based only on 
the additional cost of this particular technology and the 
additional power produced by the solar cell under Standard 
Rating Conditions (SRC). If the ratio of those is greater 
than the current cost of manufacturing solar cells, the idea 
may be abandoned. If this research team had a larger view, 
they would realize that the increase in efficiency has a 
tremendous effect on the whole value chain. This is 
particularly true and well known for concentrator systems 
where the cost of solar cells is a very small portion of the 
whole system cost and, therefore, the cell efficiency has a 
great impact on the cost of the produced solar electricity. It 
is also very true for flat-plate systems because a large part 
of the overall system cost is proportional to the area of the 
system. The realization of this leverage, that the solar cell 
efficiency has to reduce the cost of PV systems, is possible 
if the PV industry becomes fully vertically integrated or if 
collaborative design and implementation is increased 
across the whole PV value chain. 

The purpose of this paper is to present the reasons why 
efficiency is a very important parameter in the final cost 
calculation of PV solar electricity, to analyse the potential 
of the different commercially available PV technologies, 
and to present the first large-scale demonstration of a cost
effective PV system to reach 20% efficiency under PVUSA 
Testing Conditions (PTC). 

2. PV SYSTEM COST 

Although we have the habit to price each element of a 
PV system in terms of dollar per peak power, the largest 
part of the cost is actually more proportional to the system 
area and less proportional to the peak power. Table I A-B 
shows a non-exhaustive list of the components of a PV 
system and their cost relationship to the area of the system 
or the peak power. 

Table 1-A: Components of the cost of a PV system 
that are more proportional to the area than the peak power 
of the system (Not all the components apply to all PV 
tee hn l . ) o og1es. 

Component of a PV Cost is more proportional to 
System area 
Bulk Starting Material - silicon feedstock 

' - gases 
- chemicals 
- substrates 

Wafer - ingot pulling or casting 
- slicing 
- etching 

Solar Cell - labour 
Manufacturing - film deposition 

- screen printing 
- diffusion 
- anneal 
- etching 
- testing 

Module - tabbing and stringing 
- laser scribing 
- glass, EV A, Tedlar 
- lamination 
- frame, junction box 
- testing 
- packaging 

Installation - shipping 
- mounting structure 
- labour 
- field wiring 

Maintenance - cleaning 
Table 1-B: Components of the cost of a PV system 

that are more proportional to the peak power than the area 
of the s stem 

Component of a PV Cost is more ro ortional to 
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S stem 
Balance of System 

Monitorin 

inverter, controller 
battery 
breaker 
monitorin ment 

In order to illustrate how much leverage the efficiency 
has over the overall system cost, let's take the following 
example. A typical residential roof-top grid-connected PV 
system without backup batteries costs between US$8 and 
US$ I 2 per peak Watt. The cost of solar cell manufacturing, 
excluding the starting material and the lamination, 
represents only 20% of the total module cost [7] and 
around 7% of the total cost of the PV system. On the other 
side, the inverter, breakers and controller also represent 
less than I 0% of the whole system cost. There is also a fix 
cost for every installation, about l 0% for a typical roof-top 
system. Therefore, all the other components represent more 
than 73% of the PV system cost and their cost is 
proportional to the area of the system. Assuming that the 
efficiency of the system is mostly determined by the solar 
cell manufacturing technology, an increase of the solar cell 
efficiency by 50% would reduce the system area by a factor 
equal to 1.5, and would be economically profitable even if 
the technology to produce it is up to 4.4 times more 
expensive. 

This type of reasoning is well understood by a fully 
vertically integrated PV company or if collaborative design 
and implementation across the value chain is achieved 
within the PV industry. 

3. TEMPERATIJRE COEFFICIENT 

There is another fundamental reason why efficiency is 
important for reducing the cost of solar electricity. All 
existing commercially available flat-plate PV modules are 
rated under Standard Rating Conditions (SRC), i.e. 1000 
W /m2

, AM 1.50 and 25°C cell temperature. These are 
laboratory-type conditions and are quite unrealistic. In 
order to calculate the amount of energy that the PV system 
will produce over one typical year, one need to use a 
complete performance model that includes, among others, 
temperature coefficients, spectral coefficients, and wind 
coefficients, as the one developed by D. King [4]. A much 
more realistic rating is the one used by PVUSA. In the 
PVUSA Testing Conditions (PTC), the PV modules or 
systems are tested under real conditions: AM l .5G, I 000 
Wlm2

, 20°C ambient temperature and 1 m/sec wind speed. 
The modules with the best thermal management design and 
the cells with the lowest temperature coefficient will be the 
ones with the smallest difference between the SRC and the 
PTC ratings. Also, the cells with the highest efficiency 
have the lowest temperature coefficient. 

It is well known that the efficiency temperature 
coefficient of a solar cell is mostly impacted by the voltage 
reduction when the temperature of the junction increases, 
but this voltage temperature coefficient is not a constant. It 
decreases as the voltage of the cell increases. In fact, it is 
almost proportional to the difference between the voltage 
of the cell and the bandgap of the material. In V oc 
condition, we know that: 

V0 c = kT/q . In { Isc /I0 + l }(l) 

where I0 is the saturation current of the cell which is 
proportional to the square of the intrinsic carrier density, 
n/. Also, it is well known that: 

n? - T3 
. exp ( - Eg /k. T ) (2) 

The derivative of V 0e with respect to temperature then 
becomes: 

dV0c I dT = - { (Egfq - V0e) +3 kT/q} IT (3) 

The dominant part of this equation is (Eglq - V 0c), and 
we can see that the voltage temperature coefficient is 
smaller for high-efficiency solar cells with large open
circuit voltages than for low-efficiency cells. For example, 
a typical flat-plate silicon solar cell would have a voltage 
temperature coefficient between -2.2 and -2.6 mV/°C, 
whereas a 22% efficiency silicon solar cell has a 
\emperature coefficient between - 1.6 and - 1.8 mV/°C, and 
a concentrator silicon solar cell has a temperature 
coefficient between -l.28 and -l.34 mV/°C depending on 
the concentration ratio. 

4. MODULE EFFICIENCY 

Although the record efficiency for a laboratory silicon 
solar cell has reached 24.7 % (crystalline FZ Silicon solar 
cell fabricated by UNSW and measured at one sun with a 
designated aperture) [I], the efficiency of commercially 
available flat plate PV modules is still in the range of 5% 
to 12% (measured under PVUSA Testing Conditions, 
PTC) [ 4]. Flat plate PV modules over 20% efficient have 
been demonstrated [l-2,6]. However, the fabrication cost 
of these modules is far beyond what is acceptable for 
terrestrial application. Only concentrator modules have so 
far demonstrated promising results to attain 170 W/m2 or 
20% PTC efficiency at reasonable cost [3] . Of course 
comparing efficiencies of flat-plate and concentrator 
systems is difficult. In first approximation, and if both 
modules are placed on 2-axis trackers, we could say that a 
20% efficient concentrator system would be equivalent to a 
17% flat plate system due to the difference between direct 
(850 W/m2

) and global (1000 W/m2
) irradiance. 

Table 2 summarizes the record SRC efficiencies for 
most of the commercially available PV technologies, 
measured sometimes on very small cells or with designated 
aperture or even uncut from the wafer to avoid edge 
recombination. The data for record SRC efficiencies for 
cells and modules are from the "Solar Cell Efficiency 
Tables" [l]. The right column gives the best PTC 
efficiencies for commercial PV modules and the data are 
extracted from the Sandia I-V Tracer program and their 
most recent database [4]. The PTC efficiency of the 
Concentrator III-V module was reported by M. O'Neill et 
al. (5] and corresponds to a prototype module with linear
focus Fresnel lens and multijunction III-V cells. Finally, 
the PTC efficiency of the concentrator silicon module is 
from this work and corresponds to a 19.75 m2 concentrator 
dish with a dense-array receiver made of silicon solar cells. 

One has to note that the PTC efficiencies reported in 
Table 2 are for the entire module area and includes the 
losses due to packing density, frame and other non-active 



area of the modules, which could represent up to 30% of 
the module. Figures I, 2 and 3 present the PTC efficiency 
of several PV modules as a function of the module area, for 
mono-crystalline silicon, multi-crystalline silicon and thin 
film respectively 

Table 2: Record laboratory cell efficiency of 
different technologies measured at Standard Rating 
Conditions (SRC, AMl.5, 1000 Wlm2, 25C cell 
temperature) and best commercially available, cost
effective, module efficiency measured at PVUSA Testing 
Conditions (PTC, AMI.5, 1000 Wlm2, 20C ambient 
temperature, l m/sec wind speed) 
f Technology Record Record Best PTC 

SRC Cell SRC Module 
Efficiency Module Efficiency 

Efficiency 
Mono- 24.7% . 22.7% 11.7 % 
Crvstalline Si 
Multi- 19.8 % 15.3 % 11.2 % 
Crvstalline Si 
Silicon Film 16.6 % - 7.23 % 
a-Si 12.7 % I0.4 % 5.88 % 
CIS 18.2 % 12.l % 8.27% 
CdTe 16.0% 10.7 % 6.65 % 
Cone. Si 28.3 % NIA 20.0% 
Cone. III-V 32.4 % NIA 25% 

I 
ii 

6% ~----~-----+------~ 

0 0.5 1 

Module Area (m2) 

Figure 1: PTC efficiency of commercial PV modules 
with mono-crystalline silicon technology 
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Figure 2: PTC efficiency of commercial PV modules 
with multi-crystalline silicon technology 
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Figure 3: PTC efficiency of commercial PV modules 
with thin-film technology 

5. HIGH-EFFICIENCY CONCENTRATOR SYSTEMS 

5.1 Description of the concentrator PV system 
Solar Systems Pty Ltd. has developed concentrator 

photovoltaic systems since 1990. The concentrator PV 
system is designed around a parabolic reflective dish, 
concentrating sunlight about 340 times (250X optical 
concentration) onto a photovoltaic receiver. The 24 x 24 
cm receiver is composed of a dense array of 16 PV 
modules (6 x 6 cm) assembled by Solar Systems using 
dense-array cells fabricated by SunPower Corporation. 

The first large-scale proof of concept is a power plant 
operated by Solar Systems in White Cliffs, NSW, 
Australia. The power plant is composed of 14 parabolic 
concentrators, of almost 20 m2 in area, that have been 
refurbished from a previous solar thermal experiment. In 
1998, the reflective surface of the dishes and the old 
thermal receivers were replaced with new mirrors and 
photovoltaic receivers. The picture in Figure 4 shows a 
partial view of the entire power plant. 

1.5 



Figure 4: Partial view of the 14-dish photovoltaic 
power plant at White Cliffs, NSW, Australia, operated by 
Solar Systems. The result data presented in this paper are 
from the dish in front of this picture. 
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Figure 5: Efficiency of HEDAJ 12 concentrator silicon 
solar cell for dense-array application vs. irradiance 

Figure 6: Photovoltaic dense-array receiver 
assembled by Solar Systems, composed of 384 series
connected silicon backside contact (Point-Contact) 
HEDAJ 12 solar cells from SunPower Corporation. 

The silicon solar cells used on the receivers are 
HEDAJ 12, Point-Contact solar cells from SunPower. The 

cells are l .O x 1.5 cm and are specially designed for dense 
array application. A typical HEDA312 solar cell efficiency 
at 25°C is presented in Figure 5. The PV modules are built 
by laminating the solar cells onto a 6 x 6 cm ceramic 
substrate fonning a dense array of 24 series-connected 
cells. The ceramic substrate is attached on a water cold 
plate for active cooling of the dense array. The solar cells 
are then protected by a thin AR-coated cover glass that is 
attached to the solar cell surface with RTV silicone. 

The PV receiver of each dish is composed of 16 
modules, each with 24 solar cells, forming a total of 384 
series-connected solar cells. A picture of a receiver while 
in operation is shown in Figures 6 and 7. 

5.2 Results 
The following data (Table 3) has been taken from Dish 

No. 2 of the White Cliffs power plant on April 5, 200 1 at 
l 0:40 AM. The conditions were very similar to PVUSA 
Testing Conditions (PTC), i.e. 850 W/m2

, 20°C ambient 
temperature and l m/sec wind speed. In this case, the wind 
speed is not relevant because the receiver is actively water 
cooled, with the water being pumped from a very large 
water reservoir with an almost constant temperature. 

The overall DC electrical efficiency is 20.02 % under 
conditions that are very similar to PTC, and without 
accounting for the parasitic power losses. Table 4 gives 
the value of the different parasitic power losses per dish. 
Taking into account the parasitic power losses, the overall 
system efficiency (DC) is 19.32 %. We believe that this is 
the first large-scale demonstration of a cost-effective 
photovoltaic system with a PTC efficiency greater than 
20%. 

5.3 Incident Power Density on Receiver 
The total thennal power PTh on the receiver is 

calculated from the water temperature difference ~ T w 
between inlet and outlet of the cold plate manifold. 

PTh = ~Tw . Qw. Hw = 9,098.7 W (4) 

where Qw is the cooling water flow rate in the receiver 
and Hw is the specific heat of water ( 4.186 J/g.K). 

The total incident power density Pin impinging on the 
receiver can be calculated from the total thermal power PTh 
and the total output electrical power Pout as follows : 

pin = (Pout+ PTh ) / {(I - R) . AR} (5) 

= 25.26 W/cm2 

where R is the integrated reflectance from the cover 
glass surface and from the solar cell (front and back 
surface), and AR is the receiver area (576 cm2

) . The 
reflectance of the receiver was calculated to be 13.78 %, 
from thennal reflection measurement (l l.4%) and from 
simulations of radiation losses at high angle of incidence 
(2.7%). The incident power on the receiver is 14,552 W. 



Figure 7: Photovoltaic receiver of Dish #2 while 
in operation. The incident power density is 25.3 W/cm2 in 
average. One can notice the "flux modifier" in front of the 
solar cells. 

Table 3: Measurement data from Dish No. 2 
Data Symbol Value Accuracy 
Ambient TA 19.7° ± l.0°C 
Temperature c 
Direct Normal DNI 872 ±3% 
Irradiation W/m2 

' 
Class 1 

Pvroheliometer 
Water Flow Qw 33.44 ±5.0% 
Rate !pm 
Dish Area Ao 19.75 

mi 

Receiver Area AR 576 
cm2 

Delta ~Tw 3.9°C ±0.1°C 
Temperature 
(In-Out) 
DC Power Pout 3,448 ±2.0% 
Output w 

DC system TJoc 20.02 ±5.0% 
efficiency % 

T bl 4 P a e : aras1t1c power oss per d' h IS 

Power Loss Value Accuracy 
Control 30W ±5W 
Electronics 
Water Pumping 86W ± 1.5 % 
Tracking Motors 
Azimuth 1.28 w ±2% 
Elevation 3.52 w ±2% 

TOTAL 120.8 w ±lOW 

5.4 Receiver Electrical Efficiency 
The efficiency of the receiver, i.e. the efficiency of the 

384 series-connected solar cells, at operating temperature 
is calculated as follows: 

TJR = Pout I ( Pin · AR ) (6) 

= 23.7 % 
The average cell temperature, calculated from the water 

temperature and the temperature drop across the ceramic 
substrate and the cold plate, is 38.52°C. 

For comparison to the outdoor efficiency results, we 
also have measured efficiencies at cell and module level. 
For this receiver, the typical cell efficiency, measured at 
SunPower with a flash testing system, was 25% at 25 
W/cm2 and 25°C. Considering a relative temperature 
coefficient of -0.003/°C, the typical cell efficiency would 
be 24.0% at 25 W/cm2 and 38.5°C. One should note that 
these reported cell efficiencies are for non-encapsulated 
solar cells. Since the anti-reflection coating is optimised for 
an RTV encapsulant, we have to expect that the efficiency 
of encapsulated solar cells with AR coated cover glass will 
be higher than the efficiency of non-encapsulated solar 
cells, due to a better match of the refractive indexes and a 
better light trapping. 

Before mounting the modules in the receiver, indoor 
flash testing (at Solar Systems) of the least efficient module 
showed an efficiency of 26.5% at 25.0 W/cm2 and 21°C. 
Considering a relative temperature coefficient of -
0.0038/°C, this module efficiency would be 24.7% at 25 
W/cm2 and 39°C. 

Comparing the module efficiency (24.7%) to the 
receiver efficiency (23.7%) allows calculating the power 
losses, mostly due to light non-uniformity. There is an 
estimated relative loss of 4.1 % in power due to light non
uniformity. This is very good considering, for example, 
that the cell efficiency varies from 25.3% at 10 W/cm2 to 
23% at 50 W/cm2

. 

5.5 Solar Cell Temperature 
The temperature of the solar cells has been calculated 

from the average module temperature, Tmod = 27.4°C, 
measured with thermocouples attached to the backside of 
the ceramic substrates, and from the variation of open
circuit voltage of the array with the incident power density. 
A previously measured open-circuit voltage temperature 
coefficient of -1.3 mV/°C per cell, or -500 mV/°C for the 
array, allowed us to determine the U-factor and to derive 
the average cell temperature by the following formula: 

Tcell = T mod + Pin I U-factor (7) 

where the U-factor has been measured to be 2.216 
W/cm2.K. 

5.6 Concentrator Optical Efficiency 
The concentrator optical efficiency is calculated from 

the ratio of the incident power on the receiver and the 
incident power on the dish: 

TJopt ( Pin . AR ) I ( DNI . Ao ) (8) 

84.4% 

The optical efficiency of the dish calculated from 
several previous tests has shown to be around 86%. This 
value is only 2% relatively higher than this particular test 
value of 84.4%. The difference is probably due to the 5% 
accuracy in the water flow rate measurement. 

The results of the performance calculations are 
summarized in table 5. 

Table 5: Summary of the performance and operating 
conditions of the PV concentrators stem at 872 W/m2

• 

84.4 % ± 5.0 % 



Efficiency 
DC System Tine 20.02 % ± 5.0% 
Efficiency 
System Tine• 19.32 % ± 5.0% 
Efficiency 
with Parasitic 
Receiver 11R 23.7% ± 5.0% 
Efficiency 
Module Tl mod 24.7% ± 5.0% 
Efficiency 
Cell Tl cell 24.0% ±5.0% 
Efficiency 
Average Cell TceU 38.52°C ±2.0°C 
Temperature 
Average Tmod 27.4°C ±5.0% 
Module 
Temperature 
Inc. Power pin 25.26 ±5.0% 
Density W/cm2 

Inc. Power on Pin · Ao 17,222 w ±3.0% 
Dish 
Inc. Power on pin. AR 14,552 w ±5.0% 
Receiver 
Total Thermal Prh 9,098.7 w ±5.0% 
Power 
DC Electrical Pout 3,448 w ±2.0% 
Power 

·gure 8: Solar Systems large-area (130 m2
) , high

efficiency concentrator PV system with 24 kW rated 
power. 

5.7 Recent Concentrator Development 
The power plant at White Cliffs is the first large-scale 

demonstration of high-efficiency PV concentrator systems. 
It is an excellent proof of concept. Solar Systems has 
recently developed a larger concentrator PV system that 
will be soon deployed in the Australian outback. The 
concentrator has a projected aperture of I JO m2 and 
concentrates the sunlight onto a 48 x 48 cm receiver with a 
560X concentration tatio (50 W/cm2

) . The DC power 
output of this new concentrator system is 24 kW. Figure 8 
shows a picture of the large area concentrator system. 

6. CONCLUSIONS 

Most of the components in the cost of a PV system are 
proportional to the area of tbe system and the solar cell 
processing cost represents a small portion of the overall 
system cost. Therefore, the cell efficiency has a large 
impact on the cost of energy produced by photovoltaics. 
Not only the use of high-efficiency solar cells allows 
reducing the PV system area, but also higher efficiency 
cells have a lower efficiency temperature coefficient and 
make PV modules with higher PTC efficiency. 

The efficiency of commercially available flat plate PV 
modules is still in the range of 5% to 12% (measured under 
PVUSA Testing Conditions) far behind the record 
efficiencies of laboratory cells. Only concentrator PV 
systems have, so far, demonstrated high-efficiency, above 
20%, or 170 W/m2 for comparison with flat-plate, under 
PVUSA Testing Conditions, in a cost-effective way. 

We also reported the performances of a concentrator 
PV system, based on reflective parabolic dish and silicon 
Point-Contact solar cells, in a large-scale demonstration in 
White Cliffs, Australia. The concentrator system has an 
overall efficiency of 20.02% under testing conditions that 
are very similar to PTC. We believe this the first time that a 
cost-effective concentrator PV system with such high 
efficiency has been demonstrated. 
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Solid state ionic technologies such as fuel cells, sensors, batteries, Sl,lperc~pacito~-; hydrogen generation, storage devices 
and electrochromic windows are likely to play a major role in ~xtenditJ.'g the_:life of existing fossil fuel resources by 
increasing the overall efficiency of energy generatfon and use. This wilLiead Jo-a reduction in the emissions of greenhouse 
gases and pollu~ts. No ~ingle techn.ology in ~solation is l~e!~~fti'._provi<i~sofotio~s f~r the ener~ and enviro~ental needs 
of future generations. This paper bnefly outlines the app4c;.iuons, ,of solid state 1omc technologies for sustamable energy 
generation and summarises key Australian initiatives ~'. this field. Ir: also emphasises the significance of a total systems 
approach and discusses integration of renewable and, solid state ionic technologies for clean· and sustainable energy 
generation. 
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28 1. Introduction Much effort is being spent on sustainable energy 32 

supply through measures such as the development of 33 
more efficient energy generation technologies, in- 34 
creased end-use efficiency and greater use of renew- 35 
able energy sources such as solar, wind, and 36 

biomass. At the same time, there is an increased 37 
emphasis on small-scale distributed electricity gen- 38 
eration: Fuel cells have the potential to play a 39 
dominant role in the future distributed energy gen- 40 
eration network, with their high fuel conversion 41 
efficiencies, and as a clean source of power (signifi- 42 
cantly lower pollution and greenhouse gas emissions 43 
compared to those of conventional, centralised power 44 

24 Energy generation; whiCJ;i to date has largely been 
25 based on fossil fuels, is a ~ajor source of anthropo-
26 genie greenhouse gas emissions and other pollutants. 
27 However, filture" er;iergy generation must be sustain-
28 able in- terms of cost, fuel resource availability and 
29 environmental acceptability. In addition, energy must 
30 be generated and supplied in the form and quality to 
31 meet the· end-user requirements. 
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.. generation). Furthermore, the use of fuel cells in 45_ 
transport vehicles as an auXiliary power unit or a 46 
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47 replacement for internal combustion engines will 
48 bring substantial benefits in tenns of ielean urban 
49 air and by extending the life of existing fossil fuel 
50 resources. 
51 While solid oxide (SOFC) and polymer electrolyte 
52 membrane (PEMFC) fuel cells and oxygen sensors are 
53 perhaps the best known and most prominent applica-
54 tions of Solid State Ionics (SSI) in the field of energy 
55 generation, other potential areas are starting to 
56 emerge. These include hydrogen production from 
57 solar energy and novel methods of oxygen separation 
58 from air. The latter is a major cost component for the 
59 generation of electricity in advanced technologies 
60 such as Integrated Gasification Combined Cycle 
61 (IGCC) and C02 recycle combustion systems. Sub.,. 
62 stantial demand for oxygen also exists for syngas 
63 (CO+ H2) production from natural gas. Syngas is a 
64 precursor for the production of methanol and higher 
65 hydrocarbon liquid fuels. 
66 Moreover, no single technology in isolation is 
67 likely to fulfill the future energy and environment 
68 needs of our society. Furthermore, from a systems 
69 point of view, to meet end-user requirements, fuel 
70 cells may have to be combined with other technolo- ~ 
71 gies, such as advanced energy storage systems baseci 
72 on new batteries and supercapacitors. . 
73 Efficient and cost-effective energy storag~; systems 
74 are crucial for new load levelling and :~lectricity 
75 supply applications, as well as for the wi!iift . ~se",of 
76 solar and other renewable energy 'so~~;ces .W ·.;both 
77 stationary and mobile power applfoations. Storage 
78 technologies such as adva~c~d b~tterles : and high-
79 power delivery supercapaci~ors, Wilr pfay key roles, 
80 while hydrogen generated· fro~ renewable energy is 
81 seen as the fuel of the .future. 
82 The use of solar ·thermal~fossil energy schemes for 
83 hydrogen production in combination with fuel cells is 
84 one way of integrating ,renewable energy with high 
85 efficien~y i;i .o,:Vi~~ generation. In a major project, 
86 CSIRO is·, demoristtating proof-of-concept for such a 
87 technology based on the steam reforming of methane 
88 using solar-. thermal energy to produce solar-enriched 
89 hydrogen~fuel for use in fuel cells [1,2]. Purely renew-
90 able hydrogen can be generated by the electrolysis of 
91 water using PV- or wind-derived electricity. However, 
92 this route to date has been hampered by very low 
93 overall efficiencies and high costs. One way of improv-
94 ing the efficiency of a solar hydrogen system in the so-

called sun-belt countries is to combine high-temper- 95 
ature hybrid solar collectors, which can cogenerate 96 
electricity, and high-grade heat with novel high-tern- 97 
perature steam electrolysis in solid electrolyte systems. 98 

New solid state ionic devices and systems wi1I be gg 
essential components of these new technologies; and 100 
considerable R&D is being conducted in tbi.s area. 101 
This paper briefly outlines the main SSI .. techno]qgies 102 
for sustainable energy generation and their poteritial 103 
for · centralised and distributed energy generation, 104 
transport applications and for a:dvanc~d · hydrogen 105 
production and utilisation thro'ugh the incorporation 106 
of new SSI technologies into noveJ concepts and fully 107 
integrated systems. It will aiso stlnttnarise key Aus- 108 
tralian initiatives in ~ch ·of these areas. 109 

2. SSI tec~n~logies fo.r energy generation, storage 110 
and su1wty ·.;" 111 

,SS! tecfiriologies that are set to play increasingly 112 
iniportfuit roles in sustainable energy systems include: 113 

• fuel cells (PEMFC and SOFC); 114 
• advanced batteries (based on Li+, Na+ and H+ 115 

conductors); 116 
• supercapacitors (polymer membrane capacitors); 117 
• ionic-transport membranes (gas separation and 118 

chemical reactors); 119 
• electrolysers for hydrogen production (low-temper- 120 

ature water electrolysis and high-temperature steam 121 
electrolysis); 122 

• advanced sensors for process control and safety; 123 
• electrochromic smart windows for optical modu- 124 

lation and energy-efficient buildings. 125 
126 

Several of these technologies are being commer- 127 
cialised now while the others are at various stages of 128 
development. All are set to play increasingly impor~ 129 
tant roles across the entire spectrum of sustainable 130 
energy generation and supply. Several projects estab- 131 
lished around the world to demonstrate these technol- 132 
ogies for energy generation are . clearly indicating the 133 
significance of a fully integrated approach to com- 134 
mercialisation. Although SSI technologies have high 135 
efficiencies and environmental benefits in their own 136 
right, their integration with other energy generation 137 
systems (e.g. cogeneration, tri-generation, renewables, 138 
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139 etc) will further improve overall system performance 
140 and emissions reduction. 
141 
142 2.1. SS! technologies in centralised generation 

143 In general, most SSI technologies are essentially 
144 modular in design. The SOFCs, in particular, have 
145 the potential for larger-scale, centralised generation 
146 through their suitability for base load generation and 
147 for integration with gas turbine and IGCC technol-
148 ogies. 
149 The most advanced SOFC technology with poten-
150 tial for centralised generation is the tubular SOFC 
151 being developed by Siemens Westinghouse. Proof-of-
152 concept for linking this technology with a small gas 
153 turbine is being demonstrated with a 220-kWe system 
154 (200 kWe SOFC and 20 kWe microturbine generator). 
155 The system is expected to achieve an overall elec~c 
156 efficiency approaching 60%. Plans to scale up this 
157 combined cycle technology into the multi-megawatt 
158 range are in progress [3]. 
159 IGCC is regarded as one of the most environ-
160 mentally -friendly technologies for power generation 
161 from coal. Further increases in efficiency and emis-
162 sion reduction can be achieved by integrating SOFCS 
163 with IGCC. 
164 Ceramic membranes with high oxygen-~on con- ,_ 
165 ductivity or mixed ionic/electronic conductiol;i ~ail be - --
166 used to generate oxygen or for the pto~udtfol1 -~f -
167 - syngas (CO+ H2) by the partial oxida_t~on Q'f.m~thane 
168 [4-6]. In particular, membranes vyjtJ;l ~~ed 'oxygen 
169 ion and electronic conductivity hav~ potential appli-
170 cations for large-scale (to~~e)·; p1tygen · generation. 
171 The electrons in the memlirarte comq_ine with oxygen 
172 in the air to create negiitlvely charged oxygen ions, 
173 and the driving force for oxygen-ion transport is 
174 provided by the differential paitial pressure of oxygen 
175 across the me~bniµe at the operating temperature of 
176 the devicy1-For oxygellgeneration, the pressure differ-
177 ence across 'the Illembrane is provided by having 
178 lower oxyge1f pressure in the chamber where oxygen 
179 is gen~rated or by high pressure on the air side. For 
180 syngas production, the process involves combining 
181 oxygen separation from air with methane partial 
182 oxidation in a single reactor, a considerable advantage 
183 over conventional oxygen-generating technologies. 
184 The partial pressure differential across the membrane 
185 is provided by air being on one side and the natural 

gas on the other side of the membrane. Such mem- 186 
brane reactors could be significantly smaller and the 187 
cost of oxygen generation much lower than existing 188 

technologies. 189 
190 

2.2. SSI technologi.es in distributed energy generation 191 

There is a worldwide trend away from _centralised, 192 

coal-fired power generation to smaller .. scale distrib~ 193 
uted systems based on gas and, where' appropriate, 194 
renewable energy. Distnbuted energy ·generation sys- 195 

terns are sited at or near the end u~er location and have 196 
advantages of high efficiency and low. cost due to: 197 

• Use of new teclµlolOgi~s (e.g. fuel cells and 198 
'microturbines);, - 199 

• Ability for cogei;i(ration and tri-generation of 200 
electricity, . b,~at an& QQoling; 

• Greatly: rMuted translnission losses. 
., . .. ''-:: ~ . -

201 

202 
203 

Dfstributedcgeneration, thus, has great potential for 204 

redfrcing greenhouse gas emissions and represents 205 

huge oppqrtunities for SSI technologies. They will be 206 

an important part of energy supply to industry, com- 207 
merc~ial buildings and down to individual households. 208 

'For example, the smart house concept (Fig. 1) shows 209 
how a fuel cell, combined with _suitable technologies 210 
for utilising the waste heat, co~ld be used to supply a 211 

house's total requirements of electricity, hot water and 212 

space heating/cooling. The overall energy efficiency of 213 
such a configuration could approach 90% [7]. 214 

Both SOFCs and PEMFCs have the potential of 215 
being the leading technologies over the next 20 years 216 

for use in distributed energy generation systems, 217 
ranging in size from a few kilowatts to megawatts. 218 

· Several small-size units to 10 kWe incorporating 219 
PEMFCs are being demonstrated for the residential 220 
and remote area power supply markets. A 100-kWe 221 

SOFC generator developed by Siemens Westinghouse 222 

has been tested in The Netherlands for 2 years and 223 

250-kWe PEMFC systems are being supplied by 224 
Ballard for evaluation in several countries. 225 

In Australia, the planar-type SOFC technology, 226 
being developed by Ceramic Fuel Cells, is targeting 227 

systems at the tens of kilowatt scale for a full range of 228 
distributed energy applications. More than A$70 mil- 229 

lion has been invested over a 9-year period beginning 230 
in 1992. 231 
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Fig. I. Smart House Concept described in Ref [7] and modified by J':!'• ~.Lockluirt of CSIRO Energy Technology. 

232 The CSIRO Centre for Distributed Energy and 
233 Power (CenDEP) is an association of industry and 
234 government organisations with a common aim of 
235 facilitating distributed generation in Australia. The 
236 Centre will facilitate substantial market penetration 
237 for distributed energy and power generation 'systems 
238 by providing a focus for technology develop~erit ·and 
239 demonstration, and the associated scie}!fifj,~ arid. e~gl;:_ 
240 neering research. It will optimise arid inte~t~''ffin.o-
241 vative fossil fuel and renewable •. tmefgy·'~ecbllblogies 
242 in a manner that is commerci~lly ·relevant, able to 
243 influence government poliqy artd 'reglilation, and will 
244 deliver substaiitial env:irdhmental and greenhouse 
245 benefits. 
246 
247 2.3. SS/ technologies in° transport applications 

248 SSI _tec411ologies are set to play key roles in 
249 future. transport systems, both through the use of 
250 advanced supercapacitor/battery systems in hybrid 
251 electric vehicles, and fuel cells to power passenger 
252 cars, buses, light commercial trucks and heavy 
253 transport trucks. BaUard Power Systems/Daimler-
254 Chrysler is the leading group commercialising 
255 PEMFC technology for the passenger vehicle (50 
256 kWe) and buses (250-kWe . generator) (8J. Most 
257 major car manufacturers (Ford, General Motors, 

I1aimlerChrysler, Toyota, Honda, Nissan, Renault, 258 
'etc.) are Iiow showing interest in the development 259 
of an all-electric- and/or hybrid-drive trains utilising 260 
fuel cell technology, either in isolation or in combi- 261 
nation with supercapacitors and/or batteries. Both 262 

· SOFCs and PEMFCs in the 3-10 kWe range are 263 
also being considered as auxiliary power units for 264 
automotive applications. 265 

The Australian hybrid, electric,. low-emissions 266 
vehicle project was established to design and con- 267 
struct parallel- and series-drive, hybrid, electric 268 
vehicles [9). The parallel-drive ECOmmodore vehicle 269 
demonstrated the capabilitie8 of CSIRO and Austral- 270 
ian car makers to construct a full-size, hybrid, electric 271 
car, while the series-drive aXcess low-emissions 272 
vehicle demonstrated that CSIRO and Australian 273 
component manufacturers could design and construct 274 
a mid-size car that reduced fuel consumption and 275 
greenhouse gas emissions by 50% and all other 276 
pollutants by 90% [9). 277 

As part of the DaimlerChrysler's Cleaner Urban 278 
Transport for Europe (CUTE) proposal, three Daim- 279 
lerChrysler fuel cell buses are to be tested in Perth 280 
over a 2-year period from late 2002 [1 O]. Hydrogen 281 
fuel will be produced by BP from refinery waste gases 282 
and a range of hydrogen supply; infrastructure-related 283 
options will be tested Longer-term hydrogen produc- 284 
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285 tion will be by steam refonning of natural gas and 
286 ultimately, from renewable sources. 

287 3. SSI technologies for sustainable hydrogen 
288 production 

289 Hydrogen for PEMFCs is currently produced by 
290 reforming or partial oxidation of fossil fuels such as 
291 natural gas and coal. For transport applications and for 

· 292 on-board generation of hydrogen, reforming gasoline 
293 and partial oxidation of methanol are other options 
294 being considered. These processes are strongly green-
295 house-intensive and not sustainable in the long term, 
296 thus, sustainable hydrogen must ultimately be derived 
297 from water splitting or electrolysis using renewable 
298 energy such as solar, wind, biomass or off-peak 
299 hydroelectric power. 
300 In the interim, hybrid concepts involving renew-
301 able and fossil energy are important steps towards 
302 renewable, energy-based hydrogen production. One 
303 such hybrid concept under the development ofCSIRO 
304 in Australia is briefly described below and is given in 
305 more detail elsewhere [1,2]. 

306 
307 3.1. CSIROs "towards sustainable energy" project 

308 A major project is being undertaken to dempnstrate 
309 a solar, thermal-gas hybrid energy COJilcel>,t, 'ro~~ pf,~~ 
310 ducing hydrogen and using it to ge~erate ~l~ctrlcity 

I • > • ' • • ' • I '' ~ 

with potential for high thermal efficiencies and for 
greatly reduced C02 emissions. The concept features: 

• Refonning of Cf4-containing gases using con
centrated solar energy to generate a mixture of 
CO and H2. .. · 

• The further conversion of this gas to H2 and C~ 
followed by recovery of C02 in a concentrated 
form, as required for any subsequent. C02 dlsposal 
or utilisation scheme. 

• Use of H2 for electricity gene¢t1on,fo-a PE:MFC 
system, as these offer the maximum energy 
ronversion efficiency based on hydrogen fuel. 

The project invol,ves, the co'nstruction and oper
ation of a facility to dexnonstr~te the key steps in the 
technology so that 'its, commercial prospects can be 
more accurat,ely assesse4. The basic steps of the 
concept are ' snown in Fig. 2. The gas can be any 
methane~ontainir~g gas such as natural gas, coal 
seam gas or lapxifi.11 gas, etc. Solar thennal energy 
is ' used ~to reform the gas to generate a synthesis gas 

· {CO and :I.I2J. which can be used directly as a fuel or 
as a chemical feed stock containing substantial 
embodied solar energy. Alternatively, the reformed 

\gas can be further converted, via the water gas shift 
. . _ .. -reaction, to a mixture of C02 and H2 . This gas is 

treated, prior to using the H2 as a fuel, to recover 
C02 in a concentrated form. This process is greatly 
facilitated by having high C02 partial pressures and 

C02 to disposal I 
Solar Thermal Water sequestration 

Fossil Fuel 
(CH.J ;z;j,.., CO/H,JC0

2 
------ Thermal 

Fuel T CO+H,0(1) 

water 

CH4 + ~0(1) + 250 KJ ~ CO + 3H2 

~-H_2_1c_o_2~+4'_H_2_-_fu_e~I ~~~~ 
Conversion Recovery Generc1tion 

~ 

Fig. 2. Process steps for advanced power generation using solar thennal-fossil fuel hybrid concept. 
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340 relatively small gas volumes, compared with the 
341 alternative of recovering C02 from power station 
342 flue gas where the C02 is at low partial pressure and 
343 is heavily diluted with nitrogen. The recovered C02 

344 can be permanently disposed in various C02 

345 "sinks". These include injection into subterranean 
346 cavities or reservoirs such as aquifers, depleted oil 
347 and gas fields, deep unminable coal seams (possibly 
348 to assist in the recovery of coaj. bed methane) and in 
349 the deep ocean, by far the largest potential C02 

350 "sink". 
351 The combination of advanced energy conversion 
352 technologies based on H2 fuel, together with C02 

353 disposal, allows the highly efficient utilisation of 
354 fossil fuels with a dramatic reduction in atmospheric 
355 C02 emissions. . 
356 The demonstration facility (Fig. 3) is designed for a 
357 methane feed rate of 44 kW th (Lower Heating Value 
358 basis) and consists of: 

359 • feed supply and treatment units; 
360 • a 107-m2 paraboloidal, solar, thermal-concentrat-
361 ing dish; 
362 • catalytic reactors for steam reforming and water · 
363 gas shift; 
364 • C02 separation units; . 
365 • a unit to reduce the CO level in H2 to <:: l(fpprii; 

• a 10-kWe PEM fuel cell system from Air Liquide/ 366 
DeNora. 367 

368 
Supporting this project is also a state-of-the-art 369. 

PEMFC test facility that is being used to test and 370 
evaluate the performance of PEMFC stacks on a range 371 
of simulated fuel mixtures. The facility des(ftibed,in 372 
more detail elsewhere [11 J consists of: - · 373 

• test beds with capacity to test up to 3-kWc size 374 
PEMFC stacks; 375 

• equipment for the fabrication of meµibrane elec- 376 
trade assemblies with at least'.400 ctn2 active area 377 
cells; 378 

• all associated gC;ls . suppiy, handling and safety 379 
equipment 380 

3.2. Hyrjr.ogen from renewable energy 

381 
382 
383 

Hydr,ogen··is widely regarded as the cleanest fuel 384 
af' .th~ fu~e, provided it can be generated iising 385 

. renewabl~ 'rather than fossil energy. A totally SUS- 386 
tainable energy cycle would involve hydrogen gen- 387 
eration by water electrolysis using electricity 388 
generated from solar, wind, biomass or off-peak 389 

' · hydroelectric sources, its storage/transportation and 390 

•' 

Fig. 3. CSIRO's solar thermal-gas hybrid energy demonstration facility. 
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Fig. 4. Theoretical electrical and thermal energy inputs for water 
decomposition as a function of temperature [I 3]. 

391 recombustion in a hydrogen-based internal combus-
392 tion engine or in a PEMFC system to generate 
393 electricity and heat on site. PEMFCs, with sox_ne 
394 design considerations, can be used to produce high-

purity hydrogen and oxygen when operated in 395 
reverse mode [12]. They offer the advantages of 396 
being an all-solid-state device with potentially 397 
high-conversion efficiency, small footprint and a less 398 
hazardous process configuration. However, hydrogen 399 
genet:ated by this route is currently uneconomical 400 
and substantial effort is required to make tb,e teGP-- 401 
~D~k . ~ 

403 
3.3. High-temperature steam electrolysis 404 

High-temperature electrolysis , of water has been 405 
known for some time to of:(er advantages in terms 406 
of high efficiency, as -the' electd~ity -· required for 407 
water splitting can b~ :s.ignfficantly reduced if it is 408 
conducted at el~vafod ·temperature [ 13 J. This is 409 
shown in Fig. 4, w™~h gives the theoretical elec- 410 
trical and t4e~al erlergy inputs for water decom- 411 
position af ""a· fWtction of temperature (13]. For 412 
examgle~ - 'although the total energy required is 413 
essen~aUy fud~pehdent of temperature, the electrical 414 
energy.- r~quired at 1000 °C is only around 43 kcal 415 

SOLAR HYDROGEN GENERATOR SYSTEM 

RADIATION 
. , ·SELECTIVE 

. REFLECTING 
MIRROR 

G) · DISH SOLAR 
~ CONCENTRATOR 

Fig. 5. A block flow diagram of Solar Systems' hydrogen generation system using solar concentration and beam splitting. (1) Tracked parabolic 
dish concentrator; (2) Photovoltaic receiver; (3) Seleetive reflecting mirror; (4) Radiation cone; (5) Light guide; (6) Ceramic electrolyser; (7) 
Heat e~changer/phase separator; (8) Storage vessels. 
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416 mol - 1 compared with 56' kcal mol - 1 at 100 °C, a 
417 23% reduction. 
418 Solar power systems have two technical limitations 
419 however, which prevent them from becoming the 
420 ideal mainstream energy providers: 

421 (i) Intermittent operation due to lack of sun during 
422 periods of cloud cover and overnight, 
423 (ii) Low efficiency (resulting in high power costs). 
424 
425 In "sun-belt" countries such as Australia, it is 
426 possible to use solar energy to provide both the 
427 thermal and electrical energy needed for steam elec-
428 trolysis. One potentially attractive method for doing 
429 this combines the solar-concentrating and beam-split-
430 ting technologies of Solar Systems'V~ high-temper-
431 ature, ion-conducting membrane technology for steam 
432 electrolysis as shown in Fig. 5. This patented solar 
433 hydrogen production process is theoretically capable 
434 of delivering solutions to both these limitations, that 
435 is, providing a continuous power source and operating 
436 at a high efficiency [14]. 
437 In this process, hydrogen is produced from water 
438 using solar-generated DC electricity and the cogen-
439 erated heat to drive a ceramic electrolyser. The DC 
440 electricity and the cogenerated heat are produced via a 
441 single solar concentrator unit to drive a ceramic 
442 electrolyser to split water into hydrogen ahd . oxygen. 
443 The hydrogen and oxygen can be storeq.,f6k:~e~.oh-
444 version to electricity through a fuel c~µ on~'de,m,~nd or 
445 exported as a fuel. This systen:i. .;px:offiises high effi-
446 ciency, and the storage of ~ydrogen eliminates the 
447 intermittent nature of solar energy cdllection from 
448 affecting the user, as wefl ~$ bemg. an energy carrier 
449 which can be readily transported to other sites. 
450 The generator incorporates a photovoltaic (PV) 
451 receiver, a thermal receiver and a large (130 m2

), 

452 parabolic dish wh~ch concentrates, separates and 
453 converts, solar radfation into · electricity and high-
454 grade., heat~ · The electricity and heat may be used 
455 directly or converted (at a high efficiency) into 
456 hydrogen fuel for storage. In Fig. 5, the tracked 
457 parabolic · dish concentrator (1) concentrates solar 
458 energy to the photovoltaic (PV) receiver (2) via the 
459 selective reflecting mirror (3). The infrared (IR) 
460 energy is selectively reflected by (3) to the radiation 
461 cone (4) which channels IR radiation to the high-
462 temperature electrolyser (6) via the light guide (5) to 

deliver thermal energy at 1000 °C. Simultaneo~ly, 463 
the short wavelengths which pass through (3) excite 464 
the photovoltaic (PV) receiver which produces DC 465 
electricity, which is also delivered to the electrolyser 466 
(6). The hydrogen and oxygen generated in the 467 
electrolyser (6) are fed via the heat exchanger/phase 468 
separator (7) systems to storage vessels . (8) . . To 469 
provide a continuous supply of electricity1.the 'hydro- 470 
gen and oxygen may be converted bac.K ;to electriCity 471 
through the reversible electrolyser (or. a fuel cell). 472 
Alternatively, hydrogen may be. ·used 'for;:~ chemical 473 
processing in the industry or : used clirectly to fuel 474 
transport vehicles. . 475 

The technique capita,lises on . the high efficiency 476 
and intense beam pr9duced by a large solar concen~ 477 
trator capable o~ deliv~ring up to 112-kW radiation 478 
to the receiver ~one/ The present electrical system 479 
has a desigt;i output · Qf 24 kW and a system effi- 480 

: ··. 

Fig. 6. A solar beam-splitting prototype test unit of Solar Systems. 
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481 ciency approaching 20% for PV conversion only. 
482 Splitting the spectrum in the intense beam provides 
483 an option to use a second receiver and cogenerate 
484 other energy forms such as high-grade heat. In the 
485 case of high-temperature electrolysis using a zirco-
486 nia-based cell, all the energy input requirement can 
487 be provided by cogenerated heat from the split solar 
488 spectrum. 
489 Fig. 6 is an illustration of a working spectrum-
490 splitting prototype test unit developed at Solar Sys-
491 terns: Radiation is concentrated to a primary PV 
492 receiver, where the short wavelength is utilised by 
493 the solar cells and the long wavelength is reflected 
494 through a light guide (being held by the operator). The 

· 495 infrared radiation is delivered at the end of the guide 
496 (accompanied by some visible light). A temperature of 
497 1100 °C has been achieved using this type of config-
498 uration. 
499 A theoretical efficiency of approximately 50% is 
500 possible using the process described above. Prelimi-
501 nary experimental results to date show that the major 
502 components will function as required by the concept 
503 and that a practical efficiency of 30% or more is 
504 achievable. 

505 4. Other SSI technologies for energy efficiency 

506 There are a number of SSI technolf:rgie$ ~\y~qh'. 
. . . . .1-.•. 

507 are not within the scope of this pape( but ;99.Qttjbute 
508 directly or indirectly to the energ\Y effi~iency. These 
509 include batteries and super~aplcitoi~ .. that are not 
510 continuous sources of power ·and -as ·such, are not 

•'.•. ~i~: 

511 considered as energy gerieta~iori devices [15,16]. 
512 However, they are important elements in the overall 
513 systems design .provHiing short;. or long-term energy 
514 storage when used in col'llbination with other power 
515 generation technologies. :Both hydrogen and oxygen 
516 sensors are used widely for safety monitoring, 
517 combu&tion. oontrOl and process control/monitoring, 
518 and are key elements in power generation equip-
519 ment and contribute indirectly to the reduction of 
520 energy . consumption and greenhouse gas emissions 
521 [17]. Electrochromic smart windows, although not 
522 in widespread use, have the potential to reduce 
523 energy usage through optical modulation of radia-
524 tion (18]. Electrochemical membrane reactors based 
525 on solid state ionic systems can provide efficient 

and clean routes for the production of chemicals 526 
[6,19]. 527 

5. Concluding remarks 528 

Solid State Ionic technologies have the pot~t:itialto 529 
contribute substantially to future energy art.:9 .en\iiron- 530 
mental needs of our society. ComprehensiVe SSI 531 
technology R&D programs are tackling,the key·:~ech- 532 
nical problems. A combination of:· rerie~able aticl SSI 533 
technologies have the potential to move energy gen- 534 
eration to a totally sustainable energy cycfo. However, 535 
future efforts must focus . on CQD}plete:·sys.tems <level- 536 
opment and integration for different end user applica- 537 
tions that include: 538 

- SSI technqlogies alone; 539 
- integratjon of SSI with other fossil energy 540 

technolrigies; . 541 

- SS( and renewable energy hybrid systems. 542 
.} 

543 
Each.-,~P.plication must address cost, performance, 544 

power quality and reliability, along with grid-interfac- . 545 
ing issues. 546 
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